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U N I V E R S I T Y  O F  B A T H
L I B R A R Y
2  8  A P R I L S ?
^ - r  -  -- - - - - - - - -
ABSTRACT
T he p ro b le m  o f  c r a c k  ( t e a r )  p r o p a g a t i o n  i n  s t r u c t u r a l  n e t s  a n d  
f a b r i c s  i s  i n v e s t i g a t e d .  A t h e o r e t i c a l  s o l u t i o n  w h ic h  p r e d i c t s  t h e  
c r a c k  p r o p a g a t i o n  b e h a v io u r  u n d e r  t h e  e f f e c t  o f  b i a x i a l  s t r e s s  f i e l d s  
i s  p r e s e n t e d .  T h i s  w as a c h ie v e d  b y  a b s t r a c t i n g  t h e  m o s t i m p o r t a n t  
i n t e r r e l a t i o n s  f ro m  t h e  P henom ena u n d e r  s t u d y  a n d  e x p r e s s i n g  th em  
a s  a  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n ,  w h ic h  w as s o l v e d  t o  g i v e  p a r t i c u l a r  
S o l u t i o n s  c o r r e s p o n d i n g  t o  a  g iv e n  b o u n d a r y  a n d  i n i t i a l  c o n d i t i o n s .
T he p r o p o s e d  e x p r e s s i o n  w as m o d i f i e d  t o  a c c o u n t  f o r  t h e  b e h a v io u r  
o f  c o a t e d  f a b r i c s  u n d e r  a  u n i a x i a l  s t r e s s  f i e l d .  The s c o p e  o f  t h e  
i n v e s t i g a t i o n  i n c l u d e d  o t h e r  t o p i c s  r e l e v a n t  t o  t h e  c r a c k  p r o p a g a t i o n  
p h en o m en a  s u c h  a s ,  t h e  e f f e c t  o f  j o i n t  s l i p p i n g  o n  t h e  r e d i s t r i b u t i o n  
o f  s t r e s s e s  i n  s t r u c t u r a l  n e t s .  E x p e r im e n ta l  a n d  a n a l y t i c a l  w o rk  w as 
c o n d u c te d  t o  e v a l u a t e  t h e  r e l i a b i l i t y  o f  t h e  p r o p o s e d  e x p r e s s i o n  a n d  
t o  e x p l o r e  i t s  l i m i t a t i o n s .  T he r e s u l t s  o b t a i n e d  w e re  fo u n d  t o  b e  i n  
c l o s e  a g r e e m e n t  w i th  t h e  p r e d i c t e d  c r a c k  p r o p a g a t i o n  b e h a v io u r .
The e x c e l l e n t  c o r r e l a t i o n  b e tw e e n  t h e  p r o p o s e d  e x p r e s s i o n  a n d  t h e  
d i f f e r e n t  t h e o r e t i c a l  a n d  e x p e r i m e n t a l  w o rk  p r e v i o u s l y  p u b l i s h e d  w h ic h  
a p p a r e n t l y  seem ed  t o  b e  c o n t r a d i c t o r y ,  e s t a b l i s h e d  t h e  v a l i d i t y  a n d  t h e  
r e l i a b i l i t y  o f  t h e  p r o p o s e d  s o l u t i o n .
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CHAPTER 1
FRACTURE
Œ  AFTER 1 
FRACTURE
1 . 1 .  F r a c t u r e ;  H i s t o r i c  O u tlo o k  (2 1 )
Man h a s  b e e n  aw are o f  t h e  phenom enon o f  f r a c t u r e  s in c e  t h e  
b e g in n in g s  o f  h i s t o r y ,  y e t  t h e  em ergence  o f  t h e  f r a c t u r e  t h e o r y  
a s  a  t r u e  s c i e n t i f i c  d i s c i p l i n e  b a s e d  on f i r s t  p r i n c i p l e s  h a s  
b e e n  s u r p r i s i n g l y  s lo w . I t  w o u ld  seem  t h a t  t h e  u r g e n t  dem and f o r  
th e  " p r a c t i c a l  s o l u t i o n "  h a s  h a d  an o v e r r i d in g  i n f l u e n c e  i n  
d e te r m in in g  th e  a p p ro a c h  to  t h e  m a j o r i t y  o f  f r a c t u r e  p r o b le m s ,  
r e s u l t i n g  i n  t h e  e v o lu t io n  o f  e m p i r i c a l l y - b a s e d  f r a c t u r e  t h e o r i e s .  
T h is  s i t u a t i o n  was c h a n g ed  i n  1920 when G r i f f i t h  ( 1 )  p u b l i s h e d  
h i s  c l a s s i c  p a p e r  on t h e  e n e r g y - b a la n c e  c o n c e p t  o f  f r a c t u r e .
G r i f f i t h ' s  i d e a  i s  e m in e n tly  s im p l e ,  b y  a c c o u n t in g  f o r  a l l  e n e rg y  
te rm s  w h ich  v a ry  d u r in g  a  s m a l l  change  i n  a  g iv e n  c ra c k  s y s te m , 
one may w r i t e  down a  b a s i c  e q u a t io n  f o r  d e s c r i b i n g  c ra c k  g ro w th .
The p r i n c i p l e  i s  t h e r e f o r e  b a s e d  on t h e  e n e rg y  c o n s e r v a t io n  law s 
o f  m ec h a n ic s  an d  th e rm o d y n a m ic s . I t  was fo u n d  (2 0 )  t h a t  once a 
c ra c k  o c c u r s , th e  l o c a l  s t r e s s e s  a t  t h e  c ra c k  t i p  i n c r e a s e s  t o  a  
l e v e l  s e v e r a l  t im e s  t h a t  o f  t h e  a p p l i e d  s t r e s s e s  , c r e a t i n g  a  s t r e s s  
c o n c e n t r a t i o n  r e g io n  a ro u n d  t h e  c ra c k  t i p .  T h is  m ean t t h a t  even  
th e  s m a l l e s t  o f  f la w s  does r e p r e s e n t  a  p o t e n t i a l  s o u rc e  o f  w eakness  
i n  t h e  m a t e r i a l .
G r i f f i t h ' s  th e o r y  was d e v e lo p e d  f o r  m a t e r i a l s  w h ich  b e h a v e  i n  a  
p u r e l y  e l a s t i c  m anner p r i o r  t o  c r a c k  p r o p a g a t io n ,  su c h  a s  g l a s s ,  
a n d  a l th o u g h  i n  m o st p r a c t i c a l  s i t u a t i o n s , some p l a s t i c  d e fo rm a ­
t i o n  may t a k e  p l a c e  b e f o r e  c ra c k  e x t e n s i o n , th u s  p r e s e n t i n g  g r e a t  
d i f f i c u l t i e s  i n  e v a l u a t i n g  t h e s e  e n e rg y  t e r m s , t h i s  d id  n o t  l i m i t  
i t s  u se  b e c a u s e ,  p r o v id e d  t h a t  t h e  p l a s t i c  zone i s  s m a l l  i n  com­
p a r i s o n  w i th  th e  c ra c k  l e n g t h  an d  t h i c k n e s s , t h e  e n e rg y  r e l e a s e d  
b y  c ra c k  e x te n s io n  c o u ld  s t i l l  b e  c a l c u l a t e d  from  an e l a s t i c  a n a ly s i s  
w i th  s u f f i c i e n t  d e g re e  o f  a c c u r a c y .  ( 2 ) ,  ( 3 ) .
From t h i s  b r i e f  i n t r o d u c t i o n  i t  i s  n o t  d i f f i c u l t  t o  a p p r e c i a t e  th e
f a c t , t h a t  a l l  s o u n d ly  b a s e d  f r a c t u r e  t h e o r i e s  w e re  d e r i v e d  
e i t h e r  d i r e c t l y  f ro m  t h e  G r i f f i t h  c o n c e p t  o r  f r o m  som e a l t e r n a t i v e  
s t a r t i n g  a s s u m p t io n  w i t h  u n d e r l y i n g  e q u i v a l e n c e .  F r a c t u r e  m e c h a n ic s  
o f  h o m o g en eo u s i s o t r o p i c  m a t e r i a l s  i s  b y  now a  w e l l  e s t a b l i s h e d  
p a r t  o f  e n g i n e e r i n g  s c i e n c e , ,  a n d  a l t h o u g h  t h e  p r e s e n t  i n v e s t i g a t i o n  
i s  m a in ly  c o n c e r n e d  w i t h  t h e  f r a c t u r e  b e h a v i o u r  o f  s t r u c t u r a l  n e t s ,  
i t  w o u ld  b e  u s e f u l  t o  m e n t io n  som e a s p e c t s  o f  t h e  f o r m e r  i n  o r d e r  
t o  r e l a t e  i t  t o  t h e  d i s c u s s i o n  i n  l a t e r  c h a p t e r s .
1 .2 .  I n t r o d u c t i o n  t o  F r a c tu r e  M echan ics’ ' ■ . , . ■ ■ ...I............ . ——- . f
o f  Homogeneous I s o t r o p i c  M a te r ia l -
T h e re  a r e  t h r e e  fu n d a m e n ta l  modes o f  c ra c k  s u r f a c e  d i s p la c e m e n ts  , 
F ig .  ( 1 . 1 ) .
1 . In  p la n e  o p e n in g  mode
2 . S l i d i n g  o r  s h e a r  mode
3 . Out o f  p la n e  t e a r i n g  mode
F o r a  l i n e a r  e l a s t i c  b o d y , th e  s t r e s s  f i e l d  p ro d u c e d  a ro u n d  t h e  
c ra c k  t i p  may be  d e s c r i b e d  by  e i t h e r  o f  two r e l a t e d  a p p r o a c h e s .
1 . S t r e s s  a n a l y s i s  a p p ro a c h
The c ra c k  t i p  s t r e s s  f i e l d  may b e  d e s c r i b e d  by  a  s t r e s s  d i s t r i b u ­
t i o n  t h a t  i s  common t o  a l l  c ra c k  p ro b le m s  and  a  m a g n itu d e  t h a t  i s  
c h a r a c t e r i s e d  by  th e  s t r e s s  i n t e n s i t y  f a c t o r  "K" f o r  e a c h  mode o f  
c ra c k  s u r f a c e  d i s p l a c e m e n t s .
The d e te r m in a t io n  o f  s t r e s s  i n t e n s i t y  f a c t o r s  i s  a  s p e c i a l i s t  t a s k  
n e c e s s i t a t i n g  th e  u se  o f  a  num ber o f  a n a l y t i c a l  an d  n u m e r ic a l  
t e c h n i q u e s .
The f r a c t u r e  e v e n t  i s  i n t e r p r e t e d  a s  b e in g  c h a r a c t e r i s e d  by  th e  
a t t a in m e n t  o f  a  c r i t i c a l  v a lu e  o f  t h e  s t r e s s  i n t e n s i t y  f a c t o r  K ^, 
w h ich  r e p r e s e n t s  t h e  f r a c t u r e  to u g h n e s s  o f  t h e  m a t e r i a l  an d  th e  
know ledge  o f  K^, i n  a  sp e c im en  p r o v id e s  th e  m eans f o r  p r e d i c t i n g  
s i m i l a r  c ra c k  e x te n s io n  b e h a v io u r  i n  a  s t r u c t u r a l  member o f  th e  
same m a t e r i a l  u n d e r  s i m i l a r  c o n d i t i o n s .
D im e n s io n a l a n a l y s i s  o f  t h e  e q u a t io n s  g iv in g  th e  s t r e s s  and  d i s ­
p la c e m e n t  f i e l d s  i n  th e  v i c i n i t y  o f  c ra c k  t i p s  s u b j e c t e d  t o  t h e  
t h r e e  modes o f  d e f o r m a t io n ,  i n d i c a t e s  t h a t  t h e  s t r e s s  i n t e n s i t y  
f a c t o r  i s  l i n e a r l y  r e l a t e d  t o  s t r e s s ,  w h ich  i n  t u r n  i s  i n v e r s e l y  
p r o p o r t i o n a l  t o  t h e  s q u a re  r o o t  o f  t h e  c ra c k  l e n g t h ,  th u s
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w here  b : h a l f  t h e  c ra c k  l e n g th
2 . E n e rg y  b a la n c e  a p p ro a c h  ( b a s e d  on G r i f f i t h ' s  th e o r y )
U n s ta b le  c r a c k  p ro p  a g a t io n  t a k e s  p l a c e  when t h e  s t r a i n  e n e rg y  
r e l e a s e d  in  an i n c r e m e n ta l  c ra c k  e x te n s io n  e x c e e d s  th e  e n e rg y  
a b s o rb e d  by  c r e a t i n g  new c ra c k  s u r f a c e .
So a l t e r n a t i v e l y ,  t h e  m a g n itu d e  o f  t h e  s t r e s s  f i e l d  may b e  d e s c r ib e d  
i n  te rm s  o f  an e n e rg y  r a t e  t h a t  c o u ld  b e  r e g a r d e d  a s  a  f o r c e ,  G, 
w h ich  i s  d e f in e d  a s  t h e  i r r e v e r s i b l e  e n e rg y  l o s s  p e r  u n i t  a r e a  o f  
n ew ly  c r e a t e d  s u r f a c e ,  t h i s  f o r c e  w o u ld  h a v e  a  c r i t i c a l  v a lu e  G^ 
when a  c ra c k  s t a r t s  t o  p r o p a g a t e .
P r e c i s e  d e te r m in a t io n  o f  a b s o rb e d  e n e rg y  from  in d e p e n d e n t  m e a su re ­
m ent does n o t  p r o v id e  a  s a t i s f a c t o r y  m eans o f  p r e d i c t i n g  th e  
f r a c t u r e  e v e n t .h o w e v e r , t h e  p r a c t i c a l  a p p ro a c h  p ro p o s e d  b y  I rw in
(2 )  do es  e n a b le  th e  o n s e t  o f  u n s ta b l e  f r a c t u r e  t o  b e  p r e d i c t e d  i n  
r e a l  s t r u c t u r e s  p r o v id e d  s u i t a b l e  f r a c t u r e  e x p e r im e n ts  on c r a c k e d  
sp e c im e n s  h av e  b e e n  c a r r i e d  o u t .
In  s i t u a t i o n s  w here  f r a c t u r e  i s  p r e c e d e d  b y  l i m i t e d  p l a s t i c  d e fo rm a ­
t i o n  t h e r e  i s  s t r i c t  e q u iv a le n c e  b e tw e en  t h e  s t r a i n  e n e rg y  r a t e  
c o n c e p t ,  G, an d  th e  s t r e s s  i n t e n s i t y  f a c t o r  b u t  when e x te n s i v e  
p l a s t i c  d e fo rm a t io n  o c c u rs  p r i o r  t o  f a i l u r e  th e  r e l a t i o n s h i p  
b e tw e en  b o th  a p p ro a c h e s  becom es more te n u o u s  and  g r e a t  c a re  i s  
n e e d e d  when i n t e r p r e t i n g  th e  f r a c t u r e  b e h a v io u r  i n  t h e s e  s i t u a t i o n s .
1 .3 .  F r a c tu r e  o f  S t r u c t u r a l  N e ts  & F a b r ic s  
I n t r o d u c t i o n  and  L i t e r a t u r e  Review
» . . . . . . . . . . . . . . . . . . . . . . . . . ' - ■. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . .  . i . ...
In  r e c e n t  y e a r s  th e  n e e d  f o r  new s t r u c t u r a l  fo rm s c a p a b le  o f  f u l ­
f i l l i n g  th e  g ro w in g  dem ands i n  t h e  f i e l d  o f  c o n s t r u c t i o n , and  f o r  
a  m ore e f f i c i e n t  u se  o f  b u i l d i n g  m a t e r i a l s , h a s  b r o u g h t  i n t o  
fo c u s  t h e  u se  o f  s t r e s s e d  m em branes t o  fo rm  t e n s i l e  s t r u c t u r e s  o f  
d i f f e r e n t  ty p e s  a n d  s h a p e s .
The r a p i d  d ev e lo p m en t o f  t e n s i l e  s t r u c t u r e s  i s  m a in ly  due t o  t h e i r  
s i m p l i c i t y  o f  c o n s t r u c t i o n , econom y in  c o s t  f o r  l a r g e  s p a n s , an d  
f o r  t h e i r  c o n s id e r a b l e  a r c h i t e c t u r a l  p o t e n t i a l .
T e n s i l e  s t r u c t u r e s  can  b e  c l a s s i f i e d  i n t o  tw o m ain  g ro u p s  , a c c o r d in g  
t o  th e  ty p e  o f  th e  s t r e t c h e d  m em brane. I n  t h e  f i r s t  g ro u p  th e  
membrane i s  an a sse m b ly  o f  h ig h  t e n s i l e  s t r e n g t h  c a b l e s , fo rm in g  
a  n e t  w h ich  i s  th e n  u s e d  i n  many d i f f e r e n t  ways t o  c o v e r  l a r g e  
e n c lo s u r e s  w i th o u t  t h e  n e e d  f o r  any i n t e r m e d ia t e  s u p p o r t s ,  l i k e  
t h e  c a b le  su s p e n d e d  r o o f s  and  o t h e r  fo rm s o f  c a b le  n e tw o rk s .  And 
in  t h e  s e c o n d  g r o u p ,  th e  t e n s i o n e d  m embrane i s  made o f  woven f a b r i c s  
e i t h e r  c o a te d  o r  u n c o a te d .  T h is  g roup  can  be  f u r th e r m o r e  d iv id e d
i n t o  two su b g ro u p s  d e p e n d in g  on th e  ty p e  o f  t h e  s t r u c t u r a l  s u p p o r t ,
\
w h e th e r
1 . The membrane i s  s t a b i l i s e d  by  th e  p r e s s u r e  d i f f e r e n c e  
on b o th  s i d e s ,  as i n  a i r  h o u s e s ,  f l e x i b l e  t r a n s p o r t  
c o n t a i n e r s , w a te r  r e s e r v o i r s , p a r a c h u te s  and  a  v a r i e t y  
o f  m i l i t a r y  an d  c i v i l  e n g in e e r in g  w o rk s .
2 . The membrane i s  s u p p o r te d  by  c a b l e s ,  colum ns o r  any 
o t h e r  c o n v e n t io n a l  m e th o d , as  in  t e n t s .
W ith  th e  i n c r e a s e d  p o p u l a r i t y  o f  t e n s i l e  s t r u c t u r e s ,  t h e  n e e d  f o r  
a  b e t t e r  u n d e r s ta n d in g  o f  t h e i r  b e h a v io u r  i n c r e a s e d ,  i n  o r d e r  t o  
overcom e th e  p ro b le m s a s s o c i a t e d  w i th  t h i s  ty p e  o f  c o n s t r u c t i o n , 
a n d  t o  a c h ie v e  s a f e r  and  m ore e f f i c i e n t  m ethods f o r  d e s ig n  an d  
c o n s t r u c t i o n .
A lth o u g h  t h e  two ty p e s  o f  t e n s i o n  s t r u c t u r e s  d i f f e r  s u b s t a n t i a l l y  
i n  many w a y s , t h e  s t r e s s e d  membrane i n  b o th  c a s e s  i s  e s s e n t i a l l y  
a  s t r u c t u r a l  n e t ,  c o m p r is in g  o f  a  num ber o f  l i n k i n g  e le m e n ts  
i n t e r s e c t i n g  a t  a  f i n i t e  num ber o f  n o d a l  p o i n t s .
F r a c tu r e  i n  a  s t r u c t u r a l  n e t  m eans th e  s e q u e n t i a l  b r e a k a g e  o f  a  
num ber o f  c a b l e s ,  ( o r  y a m s  in  t h e  c a se  o f  woven f a b r i c s ) ,  a lo n g  
a  l i n e  th ro u g h  th e  n e t .
A f t e r  t h e  i n i t i a t i o n  o f  t h e  c ra c k  in  t h e  s t r e s s e d  m em brane, t h e  
c ra c k  may r e t a i n  i t s  i n i t i a l  l e n g th  o r  p r o p a g a te  r e s u l t i n g  i n  t h e  
e v e n tu a l  f a i l u r e  o f  t h e  s t r u c t u r e .
I t  was fo u n d  ( 4 ) ,  ( 5 )  t h a t  th e  p r im a ry  mode o f  f a i l u r e  i n  a i r  
h o u se s  i s  b y  t e a r i n g  o f  t h e  m em brane, w i th  l a r g e  t e a r s  i n i t i a t e d  
m a in ly  by  s h a rp  f l y i n g  o b j e c t s  i n  h ig h  w in d s ,  i n t e r n a l  s c a f f o l d i n g ,  
f o r k - l i f t  t r u c k s  and  v a n d a l s .
Thus t e a r  p r o p a g a t io n  r e s i s t a n c e  i s  th e  s i n g l e  m o st im p o r ta n t  
m e c h a n ic a l  p r o p e r t y  o f  an  a i r  h o u se  m em brane.
The d i f f e r e n c e  i n  f r a c t u r e  b e h a v io u r  b e tw e e n  s o l i d s  and  s t r u c t u r a l  
n e t s  i s  a t t r i b u t e d  t o  t h e  low s h e a r  s t i f f n e s s ,  i f  a n y , o f  t h e  
l a t t e r  w h ich  e n a b le s  i t  t o  r o t a t e  r e l a t i v e l y  an d  s p r e a d  t h e  s t r e s s  
c o n c e n t r a t io n  i n  th e  r e g io n  o f  th e  c ra c k  t i p  o v e r  a  g r e a t e r  a r e a  
a h e a d  o f  t h e  c ra c k  t i p , th u s  a  h i g h e r  r e s i s t a n c e  t o  c ra c k  p r o p a g a ­
t i o n  i s  a c h ie v e d .
T o p p in g  (6 )  h a s  d e m o n s t ra te d  by  a  r a t h e r  s im p le  a n a l y s i s  th e  
s u p e r i o r i t y  o f  s t r u c t u r a l  n e t s  t o  i s o t r o p i c  s h e e t s  an d  f i lm s  in  
c ra c k  ( t e a r )  r e s i s t a n c e .
Numerous s t u d i e s  h av e  b e e n  made c o n c e r n in g  th e  f r a c t u r e  m e c h a n ic s  
o f  hom ogeneous i s o t r o p i c  m a t e r i a l s , b u t  t h e  a c t u a l  d a t a  e x i s t i n g  
w h ich  d e a ls  w i th  t h e  f r a c t u r e  o f  s t r u c t u r a l  n e t s  i s  v e ry  l i m i t e d .
A b b o tt an d  S k e l to n  (7 )  s t u d i e d  th e  t e a r  p r o p a g a t io n  o f  woven 
f a b r i c s , an d  a d o p t in g  t h e  e n e rg y  b a la n c e  a p p ro a c h  th e y  o b ta in e d  
an e q u a t io n  in  t h e  fo rm
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T h is  e q u a t io n  g iv e s  th e  c r i t i c a l  t e n s i o n  " T ^ " , t h e  t e n s i o n  b e lo w  
w hich  c ra c k  w i l l  n o t  p r o p a g a te  fro m  a  d e l i b e r a t e l y  in d u c e d  
f a i l u r e  s i t e ,  i n  te rm s  o f  t h e  t e n s i l e  m odulus "m ", t h e  e n e rg y  
r e s i l i e n c e  " f "  ( r e c o v e r y  e n e rg y  e x p r e s s e d  a s  a  f r a c t i o n  o f  s t r a i n  
e n e rg y  t o  r u p t u r e  f o r  a  y a m ) ,  t h e  r u p tu r e  t e n s i o n  " T ^ " , and  t h e  
sum o f  th e  k i n e t i c  e n e r g y ,  h e a t  e n e rg y  an d  s h e a r  e n e rg y  a t  t h e  
c r i t i c a l  s t r e s s  "Kc
The a u th o r s  a c k n o w led g e d  t h e  f a c t ,  t h a t  a c c u r a t e  v a lu e s  o f  t h e s e  
p a ra m e te r s  h av e  n e v e r  b e e n  o b t a i n e d ,  and  a s  a  r e s u l t  t h e  e q u a t io n  
g iv e n  c a n n o t  b e  u s e d  f o r  c a l c u l a t i n g  th e  c r i t i c a l  s t r e s s , b u t  
h o p ed  t h a t  i t  w o u ld  g iv e  a  u s e f u l  i n s i s t  i n t o  t h e  n a tu r e  o f  t h e  
phenom enon an d  th e  c h a r a c t e r i s t i c s  o f  t h e  f i b r e  o r  t h e  s t r u c t u r e  
on w h ich  i t  d e p e n d s .
The m ain f a c t o r s  a f f e c t i n g  th e  t e a r i n g  s t r e n g t h  can  b e  su m m a rise d  
a s  f o l lo w s  ( 8 ) .
(1 )  Y am  S t r e n g th
I t  h a s  b e e n  am ply c o n f irm e d  e x p e r im e n ta l l y  t h a t  t h e  t e a r i n g  s t r e n g t h ,  
f o r c e  r e q u i r e d  t o  p r o p a g a te  a  t e a r ,  i s  a t  l e a s t  r o u g h ly  p r o p o r t i o n a l  
t o  t h e ' s i n g l e  y a m  s t r e n g t h .
( 2 )  Y am  B re a k in g  E lo n g a t io n
A h ig h  e lo n g a t io n  n o rm a l ly  p ro d u c e s  a  h ig h  t e a r i n g  s t r e n g t h ,  due t o  
i t s  o b v io u s  i n f l u e n c e  on th e  i n t e r y a m  s p a c in g  a t  t h e  p o i n t  o f  b r e a k .
(3 )  F a b r ic  D e n s i ty
In  a  d e n s e ly  woven s t r u c t u r e  t h e r e  i s  l e s s  f r e e  s p a c e , l e s s  u l t i m a t e  
d e fo rm a t io n  p o t e n t i a l ,  h i g h e r  i n t e r y a m  f r i c t i o n a l  f o r c e s ,  and  h e n c e  
a  lo w e r  t e a r i n g  s t r e n g t h .
(4 )  Weave P a t t e r n
(5 )  The in f l u e n c e  o f  f i n i s h i n g  t r e a tm e n t s  l i k e  t h e  a p p l i c a t i o n  o f
c o a t i n g  m a t e r i a l ,  w h ich  e s s e n t i a l l y  im m o b il is e s  th e  y a r n s ,  
a n d  th u s  i n e v i t a b l y  p ro d u c e s  a  l a r g e  r e d u c t io n  i n  t e a r i n g  
s t r e n g t h .
Minami (9 )  c o n s id e r e d  t h e  p o s s i b i l i t y  o f  e x p r e s s in g  th e  f r a c t u r e  
to u g h n e s s  a s  a  v a lu e  o f  t h e  i n h e r e n t  p r o p e r t y  o f  t h e  m a t e r i a l  
in d e p e n d e n t  o f  a l l  e x t e r n a l  f a c t o r s  su c h  a s  t e n s i o n  an d  c ra c k  
l e n g t h .
He d e r iv e d  an e x p r e s s io n  f o r  t h e  f r a c t u r e  to u g h n e s s  o f  woven 
f a b r i c s ,  h a v in g  l i n e a r  e l a s t i c  p r o p e r t i e s ,  u n d e r  u n i a x i a l  t e n s i l e  
s t r e s s e s  a p p l i e d  n o rm a l  t o  t h e  d i r e c t i o n  o f  th e  c r a c k .  The 
f r a c t u r e  to u g h n e s s  v a l u e , g iv e n  a s  a  r a t e  o f  e n e rg y  r e l e a s e , was 
t r a n s f o r m e d  i n t o  an a l g a b r i c  e q u a t io n  by  H e d g e p e th 's  t h e o r y  ( 1 0 ) ,  
w h ich  a p p l i e s  an i n f l u e n c e  f u n c t io n  t o  s o lv e  t h e  d i s c r e t e  
d i f f e r e n t i a l  e q u a t io n  u s in g  H e d g e p e th 's  a n a l y t i c a l  m o d e l.
(The m odel n e g l e c t s  t h e  y a m s  r u n n in g  p e r p e n d i c u l a r  t o  t h e  d i r e c t i o n  
o f  th e  t e n s i o n ) .
The t h e o r e t i c a l  fo rm u la  f o r  t h e  f r a c t u r e  to u g h n e s s  was g iv e n  a s  :
G = — Z  (4b  t  -  ) T 2c I  n c
sVe ^ g^
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T h is  e q u a t io n  g iv e s  t h e  f r a c t u r e  to u g h n e s s  v a lu e  G ^, i n  te rm s  o f
Y o u n g 's  m odulus "E ^" an d  th e  s h e a r  m odulus "G^" o f  th e  c o a te d
f a b r i c ,  t h e  y a m  c o u n t  p e r  u n i t  l e n g th  " n c " , h a l f  th e  c ra c k  l e n g t h
"b "  a n d  th e  c r i t i c a l  t e n s i o n  "T " .  To e v a lu a t e  t h e  v a l i d i t y  o fc
th e  p ro p o s e d  e q u a t i o n ,  e x p e r im e n ta l  work was c a r r i e d  o u t ,  f o u r  ty p e s  
o f  c o a te d  f a b r i c s  w ere  t e s t e d  u n i a x i a l l y , an d  th e  i n v a r i a n c e  o f  t h e  
f r a c t u r e  to u g h n e s s  v a l u e ,  a s  p r e d i c t e d  by  th e  e q u a t i o n ,  w i th  r e s p e c t  
t o  t h e  c ra c k  l e n g th  was c h e c k e d  u s in g  th e  e x p e r im e n ta l  r e s u l t s .
A lth o u g h  t h i s  check  show ed l i n e a r  g ro w th  o f  th e  f r a c t u r e  to u g h n e s s  
v a lu e  w i th  r e s p e c t  t o  t h e  c ra c k  l e n g t h ,  t h i s  was a t t r i b u t e d  to  th e  
u se  o f  t h e  maximum t e n s i o n  v a lu e  Tp i n s t e a d  o f  T^ w h ich  was d i f f i c u l t  
t o  m e a s u re ,  a f t e r  m ak ing  a  c o r r e c t i o n  b a s e d  on e x p e r im e n ta l  o b s e rv a ­
t i o n s ,  and  r e p e a t i n g  t h e  c h e c k , an a lm o s t  c o n s t a n t  v a lu e  f o r  t h e
f r a c t u r e  to u g h n e s s ,  in d e p e n d e n t  o f  t h e  c ra c k  l e n g t h ,  was a c h ie v e d ,  
th o u g h  n o t  f o r  a l l  t h e  s p e c im e n s ,
M inami a l s o  t e s t e d  two sp e c im e n s  i n  t h e  p r e s e n c e  and  a b s e n c e  o f  
c o a t i n g ,  and  t h e  r e s u l t  show ed n e g l i g i b l e  e f f e c t  on t h e  f r a c t u r e  
to u g h n e s s  v a lu e .
A n d e rso n , e t  a l . ,  (1 1 )  h a v e  f o u n d ,  h o w e v e r , t h a t  t h e  t e a r  s t r e n g t h  
may b e  e i t h e r  i n c r e a s e d  o r  d e c r e a s e d  b y  v a r y in g  th e  p r o p e r t i e s  and  
t h ic k n e s s  o f  t h e  c o a t in g  m a t e r i a l .
S i m i l a r  t e s t s ,  u n d e r  d i f f e r e n t  c o n d i t i o n s ,  t o  s tu d y  t h e  e f f e c t  o f  
c o a t in g  w ere  c o n d u c te d  by  A bbot a n d  S k e l to n  ( 7 ) ,  i n  w h ich  a  s i g n ­
i f i c a n t  d ro p  i n  t h e  c r i t i c a l  t e n s i o n s  a f t e r  c o a t i n g  was r e c o r d e d .
I f  a  c ra c k  i s  t o  p r o p a g a t e ,  s u f f i c i e n t  e n e rg y  m ust b e  r e l e a s e d  
a f t e r  a  y a m  i s  r u p tu r e d  t o  s u p p ly  t h e  work r e q u i r e d  t o  s t r a i n  
th e  n e x t  y a m  t o  r u p t u r e .  So in  o r d e r  t o  e s t a b l i s h  th e  r e l a t i o n ­
s h ip  b e tw e e n  t h e  p r o p a g a t io n  v e l o c i t y ,  w h ich  s h o u ld  s im u la t e  t h e  
r a t e  o f  e n e rg y  r e l e a s e  w i th  t im e ,  and  t h e  c r i t i c a l  t e n s i o n ,  th e  
same a u th o r s  a t te m p te d  t o  m easu re  t h e  p r o p a g a t io n  v e l o c i t y  i n  th e  
h ig h  t e n s i o n  r e g i o n .
The r e s u l t s  show ed t h a t  f o r  l e v e l s  above  t h e  c r i t i c a l  t e n s i o n ,  t h e  
p r o p a g a t io n  v e l o c i t y  v a r i e s  l i n e a r l y  w i th  t e n s i o n ,  and  t h a t  t h e r e  
a r e  c o n s id e r a b l e  d i f f e r e n c e s  i n  b e h a v io u r  b e tw e e n  t h e  l i g h t  and  
h e a v y  f a b r i c s  o f  t h e  same w e a v e . The h e a v ie r  f a b r i c s  h a v e  a  h i g h e r  
r u p tu r e  lo a d  and  h e n c e  a  g r e a t e r  c r i t i c a l  t e n s i o n ,  i n  s p i t e  o f  w h ic h , 
b o th  th e  a b s o lu t e  v a lu e  o f  p r o p a g a t io n  v e l o c i t y  a n d  i t s  r a t e  o f  
i n c r e a s e  w i th  t e n s i o n  a r e  s m a l l e r  th a n  f o r  l i g h t e r  f a b r i c s .
R e s u l ts  a l s o  show ed t h a t  th e  s p e e d  o f  c ra c k  i n i t i a t i o n  h a d  no 
e f f e c t  on th e  v a lu e  o f  t h e  c r i t i c a l  te n s io n - .
T opp ing  (1 2 )  com pared  f o u r  d i f f e r e n t  t h e o r i e s  w h ich  p r e d i c t s  t h e  
b u r s t  s t r e n g t h  o f  l o n g i t u d i n a l l y  s l i t  p r e s s u r i s e d  f a b r i c  c y l i n d e r s  
w i th  t e s t s  o f  w arp  c y l i n d e r s  h a v in g  v a r io u s  d ia m e te r s  an d  l e n g t h s , 
c o n ta in in g  s l i t s  o f  v a r io u s  l e n g t h s  an d  w i d th s .  T hese  t h e o r i e s  
a r e  :
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1 , M o d if ie d  G r i f f i t h  T heo ry
G r i f f i t h ' s  o r i g i n a l  s o l u t i o n  f o r  a  n a rro w  e l l i p t i c a l  c ra c k  i n  an 
i n f i n i t e  i s o t r o p i c  e l a s t i c  p l a t e  s u b j e c t e d  t o  a  u n ifo rm  u n i a x i a l  
s t r e s s  n o rm a l t o  t h e  c r a c k , i s ;
T h is  e q u a t io n  g iv e s  f a i l u r e  s t r e s s  f  i n  te rm s  o f  t h e  c r a c k  l e n g th  
I  and  t h e  c ra c k  t i p  r a d i u s  p ,  was m o d if ie d  by  W illia m s  ( 2 2 ) f o r  
u se  i n  p r e s s u r i s e d  c y l i n d e r s , t h e  f i n a l  fo rm  i s  :
Cl
P r  =
(1  + K A /r )
( s i n c e  f  = P r  i n  a  p r e s s u r i s e d  c y l i n d e r )
w here  r : c y l i n d e r  r a d i u s  a n d  (1  + K A /r )  i s  t h e  c y l i n d e r  c u r v a tu r e  
f a c t o r  and  w here  n ,  c^' a r e  e m p i r i c a l  c o n s t a n t s .
2 . E le m e n ta ry  F a b r ic  T heory
T opp ing  ( 1 2 ) ,  d e r iv e d  an e q u a t io n  fro m  e le m e n ta ry  c o n s id e r a t i o n s  
f o r  a  f l a t  s h e e t  o f  s i n g l e - p l y  f a b r i c  s l i t  p a r a l l e l  t o  one s e t  o f  
t h r e a d s ,  a ssu m in g  an e f f e c t i v e  num ber n y ,  o f  u n i fo r m ly  lo a d e d  
th r e a d s  a t  t h e  e d g e s  o f  t h e  s l i t ,  c a r r i e d  t h e  lo a d  from  th e  c u t  
t h r e a d s . { A f te r  t h e  i n c o r p o r a t i o n  o f  t h e  c y l i n d e r  c u r v a t u r e  f a c t o r  
t h i s  e q u a t io n  becom es :
P r  =  P ' - r
(1  + cy A/2 n y )  (1  + K A /r )
w here P<, : undam aged c y l i n d e r 's  b u r s t  p r e s s u r e ,  and  cy ; t h r e a d  
c o u n t p e r  u n i t  w id th .
3'.., H e d g e p e th 's  S t r e s s  C o n c e n t r a t io n  F a c to r
H edg ep e th  (1 0 )  assum ed  a  s h e e t  o f  p a r a l l e l ,  t e n s i o n  c a r r y i n g  f i l a ­
m ents em bedded i n  a  m a t r ix  w h ich  c a r r i e s  o n ly  s h e a r ,  he  o b t a in e d  a
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s t a t i c  s t r e s s  c o n c e n t r a t i o n  f a c t o r ;
K = (n  + 1 )  ^ / m
n 2 n  + l  n - > «  2
an d  a c c o r d in g ly  f o r  t h e  c y l i n d e r  c u r v a tu r e  f a c t o r  g iv e s  ;
^n  F
( 1  + K A /r )  ■ f  
w here  F : s t r e s s  a t  t h e  en d  o f  t h e  s l i t ,  n ;  num ber o f  t h r e a d s  c u t
4 . D e a to n 's  F r a c tu r e  M echan ics A pproach
D eaton  (1 3 )  em p lo y ed  a  f r a c t u r e  m e c h a n ic s  a n a l y s i s  d e v e lo p e d  by  
A nderson  an d  S u l l i v a n  (2 3 )  f o r  s h e e t  m a t e r i a l s .  The e q u a t io n  
g iv e n  by  them  i s  ;
P r  = ----------- ---------------------------------
(1  + K A /r )  V  ^
YB
w here  K : f r a c t u r e  to u g h n e s s  f o r  f l a t  s h e e t  d e te rm in e d  from  t e s t s  cn
an d  Fyg : i s  th e  y i e l d  s t r e n g t h  i n  a  b i a x i a l  s t r e s s  f i e l d .
O nly  t h e  m o d if ie d  G r i f f i t h  e q u a t i o n ,  r e q u i r i n g  t h r e e  e m p i r i c a l  
c o n s t a n t s , su c h  t h a t  ;
P r  = 4 0 .6
.VP ^
f i t t e d  t h e  t e s t  d a t a .
aO-65 (1 + .76 1)
I n s p e c t io n  o f  t h e  t e s t  d a ta  a l s o  r e v e a l e d  t h a t  n e i t h e r  t h e  c y l i n d e r  
l e n g th  n o r  t h e  s l i t  w id th  h a s  an e f f e c t  on s l i t - c y l i n d e r  t e a r  
p r e s s u r e .
W il l ia m , L. Ko (1 4 )  i n v e s t i g a t e d  e x p e r im e n ta l l y  t h e  f r a c t u r e  b e ­
h a v io u r  o f  n o n - l i n e a r  woven f a b r i c s ,  m o n o la y e re d  an d  la m in a te d  
s h e e t s ,  and  fo u n d  t h a t  th e  Kn c u r v e ,  H e d g e p e th 's  s t r e s s  c o n c e n t r a ­
t i o n  f a c t o r ,  when s h i f t e d  h o r i z o n t a l l y  gave  good c o r r e l a t i o n  w i th
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t h e  e x p e r im e n ta l  d a t a ,  s p e c i a l l y  f o r  t h e  m o n o la y e r  c a s e .
F u r th e r  e x p e r im e n ta l  w ork was c o n d u c te d  byR acah ( 1 5 ) ,  The c ra c k  
p r o p a g a t io n  b e h a v io u r  o f  woven f a b r i c s  was i n v e s t i g a t e d  by  d e ­
t e r m in in g  t h e  e m p i r i c a l  r e l a t i o n  b e tw e e n  t h e  n o m in a l  c r a c k  p r o ­
p a g a t io n  s t r e n g t h  an d  t h e  i n i t i a l  c ra c k  l e n g t h  f o r  PVC c o a te d  
p o l y e s t e r  f a b r i c s  u n d e r  u n i a x i a l  t e n s i o n .  The r e l a t i o n  fo u n d  i s  
s i m i l a r ,  th o u g h  n o t  i d e n t i c a l ,  t o  t h e  one u s e d  in  l i n e a r  e l a s t i c  
f r a c t u r e  m e c h a n ic s . The i n f l u e n c e  o f  t h e  w id th  and  l e n g t h  o f  
t h e  s p e c im e n s ,  com pared  w ith  t h e  c ra c k  l e n g th  was a l s o  i n v e s t i g a t e d .
A lth o u g h  i t  h a s  b e e n  s u g g e s te d  t h a t  i n  a i r  h o u s e s ,  t h e  t e a r  p r o ­
p a g a te s  i n  an i n - p l a n e  o p e n in g  mode r a t h e r  t h a n  an o u t - o f - p l a n e  
t e a r i n g  m ode , i n  t h e  c u r r e n t  d e s ig n  an d  a n a l y s i s  p r a c t i c e  th e  
m o st common m ethod  u s e d  f o r  t h e  m easu rem en t o f  t e a r i n g  s t r e n g t h  
i s  p r o b a b ly  t h e  to n g u e  t e a r  t e s t ,  i n  w h ich  an  o u t - o f - p l a n e  s t r e s s e s  
a r e  a p p l i e d  t o  t h e  f la w e d  s p e c im e n s .  In  1976 a  " d r a f t  f o r  d i s c u s s io n "
(1 6 )  was i s s u e d  b y  th e  B r i t i s h  S ta n d a r d s  I n s t i t u t i o n ,  w h ich  a l s o  
p r e s c r i b e s  an o u t - o f - p l a n e  t e a r  t e s t .  Racah (1 5 )  s u g g e s t e d ,  s in c e  
t h i s  mode o f  f a i l u r e  i s  i r r e l e v a n t  t o  t e a r  p r o p a g a t io n  i n  a i r  
h o u s e s ,  t h a t  t h i s  t e s t  s h o u ld  b e  r e p l a c e d  b y  a  new o n e , w h ich  con ­
s i s t s  o f  t e n s i o n i n g  f l a t  f la w e d  s p e c im e n s . The p u rp o s e  o f  su c h  
t e s t  w i l l  b e  t o  r e l a t e  t h e  n o m in a l f r a c t u r e  s t r e n g t h  w i th  i n i t i a l  
l e n g t h  o f  t h e  c r a c k .
H u ism an , B le k e r  (1 7 )  and  A b b o t t ,  S k e l to n  ( 7 )  s u g g e s te d  th e  i n t e g r a ­
t i o n  o f  a  g r i d  w i th  h i g h e r  s t r e n g t h  i n t o  t h e  woven f a b r i c  n e t  t o  
s e r v e  a s  t e a r - s t o p s  o r  c ra c k  a r r e s t e r s .
A n o th e r  way t o  im p ro v e  th e  t e a r  r e s i s t a n c e  b e h a v io u r ,  s u g g e s te d  
b y  th e  l a t t e r ,  i s  t o  t r e a t  t h e  woven f a b r i c  n e t  w i th  l i q u i d  
l u b r i c a n t .  T e s ts  show ed t h a t  t h e  t r e a t e d  s p e c im e n s  h a d  h i g h e r  
t e a r i n g  r e s i s t a n c e .
At t h e  p r e s e n t  t i m e ,  t h e  k now ledge  o f  t h e  s u b j e c t  an d  e x i s t i n g  
in f o r m a t io n  i s  s t i l l  i n c a p a b le  o f  a c c o u n t in g  f o r  many a s p e c t s  o f
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th e  f r a c t u r e  b e h a v io u r  o f  s t r u c t u r a l  n e t s , an d  u n t i l  a  much 
b e t t e r  u n d e r s t a n d in g  f o r  t h e  c ra c k  p r o p a g a t io n  phenom enon i s  
a c h ie v e d ,  t h e  u l t i m a t e  u t i l i s a t i o n  o f  t h e  s t r u c t u r a l  m a t e r i a l s  i n  
s t r e s s e d  m em branes w i l l  re m a in  a  dream  t o  b e  r e a l i s e d .
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THEORETICAL ANALYSIS OF FRACTURE OF NETS & FABRICS
2 . 1 .  I n t r o d u c t i o n
The p h y s i c a l  phenom ena w h ich  can  b e  r e p r e s e n t e d  by  f i e l d s  a r e  
r e l a t e d  fro m  p o i n t  t o  p o i n t  i n  w ays w h ich  can  usually b e  e x p r e s s e d  
i n  te rm s  o f  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s . A change  in  t h e  f i e l d  
a t  one p o i n t  u s u a l l y  a f f e c t s  i t s  v a lu e  a t  n e a rb y  p o i n t s , a n d  th e s e  
c h a n g e s  a f f e c t  t h e  v a lu e s  s t i l l  f u r t h e r  aw ay , and  so  o n , a  s t e p ­
w is e  i n t e r r e l a t i o n  w h ich  i s  m o st n a t u r a l l y  e x p r e s s e d  i n  te rm s  o f  
s p a c e  d e r i v a t i v e s .  The f i e l d  w h ich  c o r r e s p o n d s  t o  a  p a r t i c u l a r  
p h y s i c a l  s i t u a t i o n  i s ,  t h e r e f o r e ,  u s u a l l y  a  s o l u t i o n  o f  some 
p a r t i a l  d i f f e r e n t i a l  e q u a t i o n ,  t h a t  p a r t i c u l a r  s o l u t i o n  w h ich  
s a t i s f i e s  t h e  p a r t i c u l a r  s e t  o f  'b o u n d a ry  c o n d i t i o n s '  a p p r o p r i a t e  
t o  t h e  s i t u a t i o n .
The t h e o r e t i c a l  e x p r e s s io n s  p ro p o s e d  i n  t h i s  r e s e a r c h  work w ere  
a c h ie v e d  in  a  s i m i l a r  way by a b s t r a c t i n g  t h e  m ost im p o r ta n t  i n t e r ­
r e l a t i o n s  from  th e  phenom ena u n d e r  s tu d y  an d  e x p r e s s in g  them  a s  
p a r t i a l  d i f f e r e n t i a l  e q u a t io n s  , w h ich  was s o lv e d  t o  g iv e  p a r t i c u l a r  
s o l u t i o n s  c o r r e s p o n d in g  t o  g iv e n  b o u n d a ry  and  i n i t i a l  c o n d i t i o n s .
2 .2 .  E q u i l ib r iu m  E q u a t io n  f o r  a  F l a t  N e t U nder P la n e  S t r e s s
B e fo re  p r e s e n t i n g  t h e  w ork d o n e , i t  w o u ld  b e  b e t t e r  t o  exam ine  f i r s t  
a  s im p le  one d im e n s io n a l  f i e l d ,  so  a s  t o  b r i n g  o u t  some o f  t h e  co n ­
c e p ts  i n  t h e i r  s i m p l e s t  fo rm .
The f l e x i b l e  s t r i n g  shown in  F ig .  ( 2 .1 )  i s  i n  e q u i l i b r i u m  u n d e r  th e  
e f f e c t  o f  t r a n s v e r s e  f o r c e s  u n ifo rm ly  d i s t r i b u t e d  a lo n g  i t s  l e n g th  
a n d  t h e  d i f f e r e n t i a l  e q u a t io n  f o r  t h e  e q u i l i b r i u m  sh a p e  i s  g iv e n  b y :
T h is  i s  a  one d im e n s io n a l  c a se  o f  P o i s s o n ' s  e q u a t i o n ,  an d  i t s
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g e n e r a l  s o l u t i o n  i s  g iv e n  i n  t h e  fo rm ;
(|) = a  + b x  -  j^ /2 T o }  x^ 
w here  a ,  b a re  d e te rm in e d  by  th e  b o u n d a ry  c o n d i t io n  
<j) = o a t  x = o , L  
a n d  t h e  f i n a l  s o l u t i o n  o f  t h i s  p ro b le m  i s  
4) = {^ /2T o}  x (x  -  L) 
w h ich  g iv e s  th e  shape equation • a s  a  p a r a b o l a .
T h is  s im p le  s t r i n g  c a s e  can  b e  m o d if ie d  t o  r e p r e s e n t  a  t y p i c a l  
i n t e r m e d ia t e  c a b le  l i n e  i n  a  f l a t  n e t  s u b j e c t e d  t o  a  c o n s ta n t  
p la n e  s t r e s s  by t a k i n g  "P" a s  a  v a r i a b l e  P ( x ) , i t s  m a g n itu d e  a t  
e a c h  node a lo n g  th e  x a x is  i s  p r o p o r t i o n a l  t o  t h e  r e l a t i v e  d i s ­
p la c e m e n t  o f  t h e  tw o a d j a c e n t  n o d e s  a s  e a c h  s i d e  a lo n g  t h e  y a x i s .  
(The h o r i z o n t a l  com ponent o f  P ( x )  i s  n e g l e c t e d )  from  F ig .  ( 2 . 2 ) ,  
t h e  t r a n s v e r s e  d is p la c e m e n t  an d  Y^ a t  s u c c e s s iv e  lo a d e d  
p o i n t s  d i f f e r  by
+ I -  = h ' t a n  8% ' ( 2 )
w here  h i s  th e  h o r i z o n t a l  s p a c in g .a n d  a l s o  f o r  f o r c e  e q u i l ib r i u m  
a t  p o i n t  "K ".
. ’ . T. cos 0, -  T, cos 0, = ok k k -2  k - i
a n d
T s i n  0, -  T s i n  0, + P = o (3 )k k k - i  k - i  k
. *. T = T  cos 0, = T. cos 0, -  c o n s ta n to k  k k -2  k -2
a n d  s u b s t i t u t i n g  i n  (3 )  g i v e s :
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T ( t a n  9, -  t a n  0. ) + P. = o (4 )o K k - j  k
u s in g  (2 )  t o  e l i m i n a t e  0^ from  ( 4 ) ,  y i e l d s  th e  r e l a t i o n
To + h P, = ok
o r
f o r  P^ = P = c o n s t a n t  t h i s  e q u a t io n  becom e th e  d i f f e r e n c e  fo rm  
f o r  t h e  d i f f e r e n t i a l  e q u a t io n  ( 1 ) ,  b u t  f o r  t h e  g e n e r a l  c a s e  o f  
a  f l a t  n e t , s in c e  P^ $ c o n s ta n t
f  ‘  \ , m - i  ‘  f
A  Y -  V Y ^  ^
\  k ,m
w here
AE : e x t e n s i o n a l  s t i f f n e s s  o f  th e  c a b le s
: o r i g i n a l  c a b le  l e n g th  i n  Y d i r e c t i o n
s u b s t i t u t i n g  f o r  P^ i n  e q u a t io n  (5 )  g iv e s
AE Lo \ ( m )  \ ( k )  °
[ t o  h 1 
[_AE LoJ
w here  (f) : t h e  n o d e  movement i n  t h e  Y d i r e c t i o n  from
z e ro  t e n s i o n  
an d  by  t r a n s f o r m a t io n  o f  t h e  x  a x i s , s o  t h a t
[ aE LoJ
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t h i s  t r a n s f o r m a t io n  i s  e q u i v a l e n t  t o  c h a n g in g  t h e  s c a l e  i n  t h e  
X d i r e c t i o n  an d  w i l l  b e  r e a d j u s t e d  l a t e r  on .
E q u a t io n  (6 )  becom es
w h ich  i s  L a p la c e ’s  p o t e n t i a l  e q u a t io n  (h a rm o n ic )  an d  t h i s  m eans 
t h a t  L a p la c e ’s  e q u a t io n  i s  t h e  g o v e rn in g  e q u a t io n  f o r  f l a t  n e t s  
i n  b i a x i a l  f i e l d ,  p r o v id e d  t h a t :
1 . L in e a r  e l a s t i c  b e h a v io u r  o f  t h e  c a b le  m a t e r i a l  
i s  a ssu m ed .
2 . The h o r i z o n t a l  com ponent o f  t h e  i n i t i a l l y  v e r t i c a l  
c a b le s  i s  n e g l e c t e d .
I t  i s  i n t e r e s t i n g  t o  n o t i c e  t h a t  i f  V (^|) i s  n e g a t i v e  a t  some p o i n t ,  
t h i s  w o u ld  mean a  te n d e n c y  f o r  ’’4 '^ t o  c o n c e n t r a t e  a t  t h a t  p o i n t ,  
a s  i l l u s t r a t e d  b y  th e  one d im e n s io n a l  P o i s s o n ’s e q u a t io n  ( 1 ) .
a n d  f o r  P = o o r  = «  e q u a t io n  (1 )  becom es a  one d im e n s io n a l  
L a p la c e  e q u a t io n  = o 
o r
3^d)
= o , w h ich  s im p ly  m eans a  s t r a i g h t  l i n e .
So one can  s a y  t h a t  t h e  l a p l a c i a n  o p e r a t o r  m e a su re s  t h e  b u l g in e s s  
o f  t h e  sh a p e  f u n c t i o n  (p, and  i n  a  r e g io n  w here  V^ (j> -  o ,  (j> can  h a v e  
no maxima o r  m inim a (1 9 ,).
L a p la c e ’s  e q u a t io n  was s o lv e d  t o  f i n d  th e  sh a p e  f u n c t i o n  (p f o r  f l a t
19
n e t s  w i th  a  c e n t r a l  s l i t  u n d e r  B i a x i a l  t e n s i o n ,
U sin g  c o n fo rm a i t r a n s f o r m a t i o n s , a  m ethod  d e v e lo p e d  i n  c o n n e c t io n  
w i th  t h e  t h e o r y  o f  com plex  a n a l y t i c  f u n c t i o n s  , a  s o l u t i o n  was 
fo u n d  f o r  tw o d i f f e r e n t  b o u n d a ry  c o n d i t i o n s .
1 . I n f i n i t e  n e t ,  c o n s t a n t  f o r c e  (d e a d - w e ig h t  l o a d i n g ) ,
i . e .  t h e  a p p l i e d  f o r c e  re m a in s  c o n s t a n t  a s  t h e  c ra c k  
e x t e n d s .
2 . F i n i t e  n e t ,  c o n s ta n t  d i s p la c e m e n t ,  ( " f i x e d  g r i p s "  
l o a d i n g ) ,  i . e .  t h e  a p p l i e d  l o a d in g  s y s te m  s u f f e r s  no  
d i s p la c e m e n t  a s  t h e  c ra c k  e x t e n d s .
In  com plex  a n a l y s i s  , t h e  g e n e r a l  s o l u t i o n  o f  t h e  p o t e n t i a l  
e q u a t io n  i s  t h e  r e a l  p a r t  o f  any  a n a l y t i c  f u n c t i o n  o f  t h e  com plex  
v a r i a b l e  ( z  = x t  i y ) .
C onfo rm ai t r a n s f o r m a t io n s  w ere  d e p lo y e d  t o  f i n d  th e  a n a l y t i c  
f u n c t io n  w h ich  s a t i s f i e s  t h e  r e q u i r e d  b o u n d a ry  c o n d i t io n s  i n  e a c h  
c a s e .
2 . 3 .  A n a l y t i c a l  S o lu t io n  f o r  t h e  I n f i n i t e  B oundary  C ase \
The s o l u t i o n  i s  t h e  r e a l  p a r t  o f  t h e  a n a l y t i c  f u n c t i o n  w h ich  s a t ­
i s f i e s  th e  f o l lo w in g  b o u n d a ry  c o n d i t i o n s .
1- I j  = o at I fx [<  b
w here  b = h a l f  t h e  c ra c k  l e n g th
2 . -1^ T ( c o n s t a n t  t e n s i o n )dy
a s  y  «
( T 7 °3 . (f) = o a t  < | x | ^ b
a s  shown i n  F ig .  ( 2 . 3 )  u s in g  c o n fo rm a i  m app ing  (A p p e n d ix  ( 1 .1 )
y i e l d s  th e  f u n c t i o n ;
w( z )  = (J) + iip = -  i T  ( z^  -  b 2 ) z
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w h ere  z = x  + i y
2 . 3 . 1 .  C h eck in g  t h a t  t h e  b o u n d a ry  c o n d i t io n s  a r e  s a t i s f i e d
-  i l  _ i  Ü
9y 9y
. 9(j) _ 9ij) 9({) _ 9i|^
9x 9y * 9y 9x
.* .  U sin g  th e  C auchy-R iem ann  e q u a t i o n s ,  w h ich  a r e  n o t  o n ly  n e c e s s a r y  
b u t  a l s o  s u f f i c i e n t  f o r  a  f u n c t io n  t o  b e  a n a l y t i c ,  we f i n d  t h a t :
( ( z 2 - b 2 ) z )
f o r  y  = o ,  | x | < b  . * .  ( z ^ - b ^ ) ^  i s  im a g in a ry
= -  Im { r e a l  q u a n t i t y }
= z e ro
( 2 ) a s  y  4- . 00
/
.* .  w( z )  = -  i  T Z
-  — i  T ( z — 1 -  “ i  T z
a n d  when t h e r e  i s  n o  c ra c k  b = o 
w( z )  = -  i  T z
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= T f o r  a l l  y  v a lu e s9y
(3 )  f o r  y  = o
(jü(z) = -  i  T ( x^  -
f o r  | x | >  b w( z )  = im a g in a ry  v a lu e
. . <j) — o
an d  f o r  |x |  = b w( z )  = z e ro
. *. (j) = o f o r  I XI ^  b
th u s  i t  can b e  s e e n  t h a t  t h e  a n a l y t i c  f u n c t i o n  s a t i s f i e s  a l l  t h e  
b o u n d a ry  c o n d i t i o n s ,
I t  can  be  s e e n  from  F i g .  ( 2 . 4 )  t h a t  by  e x p r e s s in g  
z as  z = b + q





r  i  T (b  + q ) 1
[^{(b+q,)^ -  b ^ } ^ J
r_UJkJL4l"l
|^(2bq + qZ)2 J
r  i  T (b + q) 1 
[ ( 2 b q ) î
r  T (b  + q ) 1  
[C 2 b q )"  ( l 4 ) i j
f o r  q  << b
= Re 1
( 2 q ) :
. * . a t  a  g iv e n  p o i n t  
s t r e s s  a  T b ^
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c r i t i c a l  t e n s i o n  a ^
b z
w h ich  i s  s i m i l a r  t o  t h a t  i n  a  hom ogeneous i s o t r o p i c  m a t e r i a l .
2 . 3 . 2 ,  G e n e ra l  e q u a t io n  f o r  t h e  sh a p e  f u n c t i o n  ^ 
co(z) = (|i + i T p  = “ i T  ( z^  -  b 2 ) 2  
w h ere  z = x  + i y  
4, t  i1 ^ = -  i  T ^ (x ^  -  y2 -  b ^ )  + 2 JQTiJ 
= -  iT  ^ (x 2 -y 2 -b 2 )2  + (2 x y )^ J ^ ^ ^  ( c o s  ®/2 + i  s i n  ^ / 2 )
w here
(x 2 -y 2 -b 2 )cos 0 =
s i n  0 =
^ (x 2 - y 2 - b 2 )2  + ( 2 x y ) ^ j^  
2 xy
|( x ^ - y ^ - b ^ ) ^  + ( 2 x y ) ^  ^
. ' .  The s h a p e  f u n c t io n  (p
<f) = T ^x^ + + b*^  -  2b^x^ t  Z b^yZ j s i n  ^ /2
w here
s i n  " /28 ' -  1 -  co s  0
a n d  i n  o r d e r  t o  a c c o u n t  f o r  t h e  a x i s  t r a n s f o r m a t io n  e a c h  d im e n s io n  
i n  t h e  x  d i r e c t i o n  i s  d iv id e d  b y :
■Ki
, ’ . The f i n a l  sh a p e  f u n c t i o n
. . .  * = T r z l  +
Lc"* c** o'* c2 J
E q u a t in g  Y = o i n  t h e  s h a p e  f u n c t i o n  <p 
. *. 4> = — (b ^  -  x 2 )2c
A  2 + (F )2  = 1 " h e r e  T -
23
W hich g iv e s  t h e  c ra c k  sh a p e  a s  an  e l l i p s e .
F ig u re  ( 2 . 5 )  show s a  c o m p u te r p l o t  f o r  th e  s h a p e  f u n c t i o n  u s in g  
a r b i t r a r y  v a l u e s .
I t  can  be  s e e n  t h a t  t h e  c ra c k  s h a p e  f o r  t h e  i n f i n i t e  b o u n d a ry  c a s e  
w i l l  a lw ay s b e  an e l l i p s e  an d  t h a t  an i n c r e a s e  i n  t h e  c ra c k  l e n g t h  
w h i le  m a in ta in in g  th e  o t h e r  a r b i t r a r y  v a lu e s  does  n o t  a l t e r  t h e  
sh a p e  o f  t h a t  e l l i p s e ,  as  shown i n  F ig .  ( 2 . 6 )  w h ich  c o u ld  a lm o s t  
b e  c o n s id e r e d  as  a  m a g n i f i c a t i o n  o f  F ig .  ( 2 . 5 ) ,  an d  o n ly  v a r y in g  
th e  b o u n d a ry  t e n s i o n  o r t h e  e x t e n s i o n a l  s t i f f n e s s  c h a n g es  t h e  
r a t i o  b e tw e e n  i t s  m a jo r  an d  m in o r  a x i s .
2 . 4 .  A n a l y t i c a l  S o lu t io n  f o r  t h e  F ix e d  G rip s  Case
S i m i l a r l y ,  t h e  s o l u t i o n  i s  t h e  r e a l  p a r t  o f  th e  a n a l y t i c  
f u n c t i o n  w h ich  s a t i s f i e s  th e  f o l lo w in g  b o u n d a ry  c o n d i t i o n s .
1 .  ~  = o a t  ( y  = o9y
2 . 4) A ( c o n s t a n t  d is p la c e m e n t)
a s  y  ^  -J w here  a  = l e n g th  o f  t h e  n e t
3 . 4 > = o  a t f y  = o
) 1x1% b
U s in g  c o n fo rm a i m apping  (A p p en d ix  ( 1 .1 )  y i e l d s  t h e  a n a l y t i c  
f u n c t i o n  ;
T a i  ■ —
w(z)  =  Cosh'TT
w here  z = x  + i y
.  f co sh  ( P )  1
[cosh ' A  J
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2 . 4 . 1 .  D e r iv a t io n  o f  th e  g e n e r a l  e q u a t io n  f o r  t h e  
sh a p e  f u n c t i o n  4>
4. O.X - I ^co(z) = (f) + iij; =  Cosh'i s i  c - i  r w - s .
^ |_CosH( i k ) J
. ' .  w = -  iK  C osh-1 H
( I £ )
w here K = —  , H = u  + i v =  — \
C o s h ( ^ )
.* .  iw = K C osh"! H
H = Cosh ^  = cos ^  = co s  ^
= c o s ( ^ )  c o s h (^ )  -  i- s in - ( - ^ )  . s i n  h ( ^ )  
. * .  u  = c o s ( ^ )  C o sh (^ )
V = s i n ( ^ )  s i n  h ( ^ )
C o s^ (^ )  s i n ^ ( ^ )
u^ sin^C -^) -  
p u t  s i n ^ ( ^ )  = a
j ^ l - s i n ^ ( ^ ) j  = s i n ^ ( ^ )  ^ l - s i n ^ ( ^ ) J
a  - [ l - a ]  = a  [ l - a j
+ a ( u ^ t v ^ - l )  -  =
a -  s i n ^ ( —) = “ U ^-v^+ 1+t(u^±v^-1)^+ 4v^
K 2
4) = K { s i n " !  I + 1+ /( t v ^ - 1 ) ^+4v-^
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c o sh  (— ) 
W here , , H = u  + iv  ? --------  ^
c o sh  ( - ^ )
co sh  (— ) cos
• • • “    T T ^ T ^c o sh  ( ^ )
s in h  (— ) s i n  ( ^ )
V =  â  ------- a _ _
c o sh  (“ )
S i m i l a r l y ,  t o  a c c o u n t  f o r  t h e  a x is  t r a n s f o r m a t io n  e a c h  d im e n s io n  
i n  t h e  x d i r e c t i o n  i s  d iv id e d  b y :
= ■ [ — 1L ae l j
c o sh  (— ) COS ( ^ )  
u = ----------- a g _
c o sh  (— ) a c
s in h  (— ) s i n  ( ^ )
V = ---------------------------- ^
'  co sh  (— ) a c
2 . 4 . 2 .  C h eck in g  t h a t  t h e  a n a l y t i c  f u n c t i o n  s a t i s f i e s  
th e  r e q u i r e d  b o u n d a ry  c o n d i t io n s  .
1 .  By th e  C auchy-R iem ann c o n d i t io n s  
= -  Im [ w ^ ( z ) ]
co sh  (— )
.* .  co sh  ( ^ )  = -  ^
c o sh  (2 ^ )  a c
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d i f f e r e n t i a t i n g  w i th  r e s p e c t  t o  z
.  \  TT 3(0 V a  ^a  ^
^ T i i ^  t 5 I  3 i  =  T - ^ F ---------co sh  ( - ^ )  a c
- -  IT  s in h  ( • ^ )
^ = ^ ' ( z )  =
d Z
V  co sh ^  ( - ^ )  -  co sh ^  ( ^ )
w here  z = — + iy
-  iT  s in h  ( - ^ )
V  s in h ^  (— ) -  sinh .2  (—a c
= -  Im
-  iT
V 1 -  s in h ^  (— ) ________ a cs in h Z  ( ^ )
(7 )
f o r Y = o 
| x | <  b
~  = -  Im [  r e a l  q u a n t i t y ]  = z e ro
2 . a t  Y = I
u  =
co sh  (— ) cos ( ^ )  = z e ro  a c  a
co sh  (— ) a c
. s in ^  ( ^ )  = 1 f o r  a l l  v a lu e s  o f  v
1  = 1
K 2 4) = Y " ^  ^  = c o n s t a n t
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Tan
3 , o)(z) = --------- co sh17
- 1
I” co sh  ( ~ )  1
Lcosh ) J
w h ere  z = — + iy  c
f o r  Y = o , IXI % b
co sh - 1
co sh  (— ) _______ a c
c o sh  (— ) a c
i s  r e a l
. ’ . (j) = z e ro
a l l  b o u n d a ry  c o n d i t io n s  a r e  s a t i s f i e d .  
And a s  b e f o r e , i f  t h e r e  i s  n o  c ra c k  (b  = o )
■ cosh"! j^cosh ( ~ ) J
w( z )  -  -  i T z  -  Tdy
i . e .  c o n s ta n t  t e n s i o n  f o r  a l l  y  v a lu e s .
E q u a t in g  y  = o
V = o u =
c o sh  ( ~ )  a c
co sh  (— ) a c
;in ^  ( ^ )  = -u ^  + 1 + V  (u ^  -  1 )^
f o r  X 1)^ are + ve
. *. sin .2  ( i )  = 1 -  u^
The sh a p e  o f  t h e  c ra c k  i s  g iv e n  b y  ;
. _ Ta d) — —— cos "17
co sh  (>— ) _______ a c
co sh  (— ) a c
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F ig u re  ( 2 . 7 )  show s a  co m p u te r p l o t  f o r  t h e  sh a p e  f u n c t i o n  u s in g  
a r b i t r a r y  v a l u e s ,  and  in  w h ich  t h e  e f f e c t  o f  t h e  f i x e d  g r i p s  
l o a d in g  on t h e  sh a p e  o f  th e  b o u n d a ry  i s  e v i d e n t .  A m a g n i f i c a t i o n  
o f  t h e  c r a c k  r e g io n  i s  shown i n  F ig  ( 2 . 8 ) .  w h i le  i n  t h e  i n f i n i t e  
b o u n d a ry  c a s e  t h e  c r a c k  sh a p e  i s  a lw a y s  an  e l l i p s e ,  t h e  sh a p e  
o f  th e  c r a c k  i n  t h e  c a s e  o f  f i x e d  g r i p s  lo a d in g  i s  d e te rm in e d  by  
th e  com bined  e f f e c t  o f  th e  d i f f e r e n t  p a r a m e te r s ,  i . e .  t h e  b o u n d a ry  
t e n s i o n ,  e x t e n s i o n a l  s t i f f n e s s  and  t h e  c r a c k  l e n g t h  com pared  w i th  
t h e  l e n g t h  o f  t h e  n e t .  e . g .  t h e  e f f e c t  o f  a  r e d u c t io n  i n  t h e  
b o u n d a ry  t e n s i o n  on t h e  sh a p e  o f  t h e  c r a c k  can  be  s e e n  i n  F ig .  ( 2 . 9 ) .
When i t  comes t o  a s s e s s i n g  th e  d i f f e r e n c e  i n  t h e  c r a c k  a r e a  i n
b o th  c a s e s ,  w h ich  i s  d i r e c t l y  r e l a t e d  t o  t h e  s t r a i n  e n e rg y  r e l e a s e d ,  
t h e  s im p le s t  way i s  by  co m p arin g  th e  tw o e x p r e s s io n s  g iv in g  t h e  c r a c k  
a r e a  i n  e a c h  c a s e .
1 . f o r  th e  i n f i n i t e  c a s e
TTb^  T , 2 T c r a c k  a r e a  = 4 • T—  . — = irb^ —4 c c
2 . f o r  th e  f i x e d  g r i p s  lo a d in g  c a s e
c ra c k  a r e a  = 2 a^ T — . In  c o sh  (— )TT a c
( s e e  A p pend ix  1 . 2 )
\
The r e l a t i o n  b e tw e en ' t h e  c r a c k  a r e  i n  e a c h  c a s e  and  th e  c r a c k  l e n g t h  
i s  shown i n  F ig .  ( 2 . 1 0 ) ,  w h i le  t h e  r a t i o  b e tw e e n  t h e  tw o a r e a s  an d  
a /b  i s  p l o t t e d  i n  F ig .  ( 2 .1 1 )  f o r  v a r i o u s  v a lu e s  o f  " T " . The f i x e d  
g r i p s  lo a d in g  c a s e  was exam ined  f u r t h e r  a d o p t in g  a r b i t r a r y  v a l u e s ,  
e q u a t io n  (7 )  was u s e d ,  e x c e p t  f o r  t h e  s i n g u l a r  p o i n t s ,  t o  c a l c u l a t e  
t h e  s t r e s s  d i s t r i b u t i o n  in  a  g iv e n  n e t  an d  th e n  t h e  v a lu e  o f  t h e  
t e n s i o n  a t  e a c h  p o i n t  w as e x p r e s s e d  a s  t h e  v e r t i c a l  c o - o r d i n a t e s  a t  
t h a t  p o i n t .  F ig .  ( 2 . 1 2 ) .
A c l o s e r  e x a m in a t io n  o f  t h e  s t r e s s  d i s t r i b u t i o n  a t. t h e  c r a c k  r e g i o n  i s  
g iv e n  i n  F ig .  ( 2 . 1 3 )  w h i le  F ig .  ( 2 . 1 4 a , b ,  c )  show t h e  same s t r e s s  
d i s t r i b u t i o n  from  d i f f e r e n t  a n g le s .
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2 , 5 ,  C o m p a ta b i l i ty  o f  t h e  Two S o lu t io n s  
F o r t h e  c a s e  o f  f i x e d  g r i p s  l o a d i n g :
( \ T a i  , o)(z)   c o sh  ^
TT
Cosh ( ^ )
Cosh ( - ^ )a c  J
w( z )  = c o s h " !ÏÏ
= -  c o sh  ! f l  + i  ^  ( z ^  -  ^ ) 1  TT I  ^ a^ ^
c o sh  ! ( 1 + K )  = Y Y^• . co sh  Y = l  + K = l t  —
Y = /2K
w( z )  = ["2 ( z 2  .
TT [_a c J
üj(z)  = -  T i  ( z ^  -
,  Xw here  z = — + l y
w h ich  i s  t h e  s o l u t i o n  f o r  t h e  i n f i n i t e  c a s e
f o r  t h e  f i n i t e  o r  f i x e d  g r ip s  l o a d in g  c a s e
c ra c k  a r e a  = 2 a^ — C, In  co sh  (— )TT a c
C ^ )  becom es v e ry  s m a l l
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I n  c o s h (x )  = In  cos ( i x )
T  I I X  ^ X** X^I n |c o s  x |
1 I x^.* .  f o r  v e r y  s m a l l  x  . ’ . I n |c o s  x | = -  —
a s  a
In  co sh  (— ) = In  cos (* ^ ^ )  = +a c  a c  2a^c^
c ra c k  a r e a  = 2 a^ f  ^ — ' y~  2IÏÏ \_2 ar  c ^ j
T= IT — = c ra c k  a r e a  f o r  t h e  i n f i n i t e  b o u n d a ry  c a s e .
2 . 6 ,  C rack  P r o p a g a t io n  an d  t h e  F r a c tu r e  T o ughness  V alue
A d o p tin g  th e  c o n c e p t  o f  G r i f f i t h ’s  e n e rg y  b a la n c e  t h e o r y ,  w h ich  
s t a t e s  t h a t  u n s t a b l e  p r o p a g a t io n  o f  a  c ra c k  t a k e s  p l a c e  i f  an 
in c r e m e n t  o f  c ra c k  g row th  r e s u l t s  i n  more s t o r e d  e n e rg y  b e in g  
r e l e a s e d  th a n  i s  a b s o rb e d  by  th e  c r e a t i o n  o f  t h e  new c ra c k \  s u r f a c e , 
an d  a c c o u n t in g  ’f o r  a l l  e n e rg y  te rm s  w h ich  v a ry  d u r in g  a  c ra c k  
g ro w th .
, ’ , u = ( W - + W ) + W  + KL r  s
w here  u : The t o t a l  e n e rg y  o f  t h e  s y s te m
: Work done by  t h e  e x t e r n a l  f o r c e s  diie t o  a  c ra c k  g ro w th
W  ^ : S t r a i n  e n e rg y  r e l e a s e d
W^  ; E n erg y  a b s o rb e d  i n  t h e  f r a c t u r e  p r o c e s s
K ; E n e rg y  in d e p e n d e n t  o f  c ra c k  p r e s e n c e
and  t h e  e x p r e s s io n  g iv in g  t h e  s t a b i l i t y  o f  t h e  new c ra c k  s y s te m  i s  :
9u 3u _
3 ( 2b )  9b " °
w here  b ; h a l f  t h e  c ra c k  l e n g t h .
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A p p ly in g  t h i s  e n e rg y  c o n c e p t  t o  t h e  tw o c a s e s  u n d e r  c o n s i d e r a t i o n ,
2 . 6 . 1 .  I n f i n i t e  b o u n d a ry  c a s e
” l = °
b
W = -  4 f  3 V 4> dx  = -  ? V ( a r e a  o f  t h e  c r a c k )  r  J ^ Q  ^ o
= - 2 Vo [ f ‘ ? ]
rT o -h  1
AE Lo
V
w here  T = ~  , C =
Wg = 2 b Y
w h ere  y  : t h e  f o r c e  r e q u i r e d  t o  p ro d u c e  a  u n i t  l e n g t h  c ra c k
e x te n s io n  
o r
f r a c t u r e  to u g h n e s s  v a lu e
U = -  ^  i  + 2by + k
a n d  f o r  s t a b l e  e q u i l i b r i u m
f  = °
V. = 1 - 4 ^  "  r  -1 -1 . ( 8 )= [ ^ ' ]
-  r i s j i  1
[A E  L oJ
. . .  , .
w here  c
32
T h is  e q u a t io n  g iv e s  th e  r e l a t i o n  b e tw e en  t h e  c r i t i c a l  t e n s i o n  
and  h a l f  t h e  c r a c k  l e n g th  f o r  u n c o a te d  n e t s  u n d e r  b i a x i a l  t e n s i o n  
a p p l i e d  a t  i n f i n i t y .
F o r c o a te d  f a b r i c s ,  an a p p ro x im a te  s o l u t i o n  can  b e  o b ta in e d  by  
a d d in g  t h e  te rm  "G i n  t h e  d i f f e r e n c e  e q u a t io n  (5 )  t o
a c c o u n t  f o r  t h e  e f f e c t  o f  c o a t i n g ,  w here  "G" : t h e  s h e a r  m odulus 
o f  t h e  c o a t in g  m a t e r i a l  and  f o l lo w in g  th e  same p r o c e d u r e s , we 
o b ta in  t h e  d e s i r e d  r e l a t i o n  i n  a  fo rm  i d e n t i c a l  t o  e q u a t io n  (8 )  
b u t  w i th  c h a v in g  a  m o d if ie d  v a lu e  e q u a ls
T t o  h  +  G h^ 1
L AE Lo J
r  2y AE C "I i  1
L ~  JVo
2 . 6 . 2 . " F i x e d  g r i p s  lo a d in g "  c a s e
\  °
b
w = -  4 r  J V  4) dx
J
= -  2 V C c o s -1O J  TT
o
f c o s h  ( ~
cosh a c J dx
T h is  i n t e g r a t i o n  c a n n o t be  e v a lu a te d  d i r e c t l y * ,  b u t - s i n c e  we r e q u i r e
8Wpth e  p a r t i a l  d e r i v a t i v e  o f  W w i th  r e s p e c t  t o  b ,  i . e
8 b
* s e e  A p p e n d ix ( 1.3)
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&  f ( x . b ) d x j =  f ( b , b )  + J -  dx
+ ta n h  (
b c o sh  ( - ^ )  — dxirb y i* a c  ac
°  V  c o sh ^  ( “ ) -  co sh ^  (-— )a c  a c
= I  t a n h  ( ! )
3u # r  ^ 3Ws 
W  = - 3 b ^ t  3 b ^ =  °
V,  ^  f t a n h ( f )
. '• .  2y = V T a . t a n h  (— )o a c
VZ = ^  -  ■ (9 )
°  a  t a n h  (— )a c
w here C ■ I AE LoJ
E q u a tio n  (9 )  y i e l d s  t h e  r e l a t i o n  b e tw e en  th e  c r i t i c a l  t e n s i o n  and  
h a l f  t h e  c ra c k  l e n g th  f o r  u n c o a te d  n e t s  u n d e r  b i a x i a l  t e n s i o n  
e x e r t e d  by  f i x e d  g r i p s .
As b e f o r e .  E q u a t io n  ( 9 )  can  be  u s e d  t o  g iv e  an a p p ro x im a te  s o l u t i o n  
f o r  th e  c a se  o f  c o a te d  f a b r i c s ,  b u t  i n  t h i s  c a s e  c h a v e  a  m o d if ie d
34
v a lu e  e q u a ls
r  To h + Gh^
|_ AE Lo J
I t  can  b e  se e n  t h a t  i n  b o th  th e  i n f i n i t e  b o u n d a ry  c a s e  an d  t h e  ' 
f i x e d  g r ip s  lo a d in g  c a s e , t h e  v a lu e  o f  t h e  s e c o n d  d e r i v a t i v e  o f  
t h e  t o t a l  e n e rg y  s y s te m  w ith  r e s p e c t  t o  h a l f  t h e  c ra c k  l e n g t h  "b "  
i s  n e g a t i v e .  Which m eans t h a t  t h e  s y s te m  e n e rg y  i s  a  maximum a t  
e q u i l i b r i u m ,  th u s  t h e  e q u i l ib r i u m  i s  s a i d  t o  b e  u n s t a b l e .  T h a t 
i s  t o  s a y ,  i f  t h e  a p p l i e d  b o u n d a ry  f o r c e s  e x c e e d s  th e  c r i t i c a l  
l e v e l  th e n  s p o n ta n e o u s  c ra c k  p r o p a g a t io n  w i l l  o c c u r  l e a d i n g  t o  t h e  
c o m p le te  f a i l u r e  o f  t h e  s t r u c t u r a l  n e t .
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2 . 6 . 3  Recom m ended t e s t  f o r  c a l c u l a t i n g  t h e  f r a c t u r e  t o u g h n e s s  
v a l u e  " y "  a n d  t h e  s h e a r  m o d u lu s  o f  c o a t e d  f a b r i c  "G"
F o r  t h e  g e n e r a l  i n f e m i t e  b o u n d a r y  c a s e  t h e  c r a c k  s h a p e  
w as g iv e n  a s  an  e l l i p s e  ( 2 .3 .2 )
‘  S  -
. h . „ T . ï o
3F j AE Lo s
and the crack s ta r t s  to  propagate when
4  - k -
b .V o ^  = 2% AE | Toh + Gh^ ) ^
TT I  A E  L o  f
s u b s t i t u t i n g  i n  t h e  c r a c k  s h a p e  e q u a t i o n  a n d  t a k e n  X = O
<|)^  = c o n s t a n t  . b  
s i m i l a r l y  an  e q u a t i o n  g i v i n g  t h e  r e l a t i o n  b e tw een  t h e  l e n g t h  
a n d  max w id th  o f  t h e  c r a c k  a t  f a i l u r e  c a n  b e  o b t a i n e d  f o r  t h e  
f i x e d  g r i p s  c a s e  . B u t w h a t  i s  r e a l l y  i m p o r t a n t  a b o u t  t h e  
tw o  e q u a t i o n s  m e n t io n e d  a b o v e  i s  t h a t  t h e y  y i e l d  a  s im p le  
e x p r e s s i o n  f o r  t h e  f r a c t u r e  to u g h n e s s  v a l u e  " y "  b y  s o l v i n g  
th em  t o g e t h e r  i . e .  
b.Vo^.4^ = . b
Y = - y  Vq- 4> •
T h is  e q u a t i o n  m eans t h a t  t h e  v a l u e  o f  t h e  f r a c t u r e  t o u g h n e s s «7» 
c a n  s im p ly  b e  e v a l u a t e d  f ro m  a  b i a x i a l  t e a r  p r o p a g a t i o n  t e s t  
i n .w h ic h  o n ly  t h e  c r i t i c a l  b o u n d a r y  t e n s i o n  a n d  t h e  c o r r e s p o n d i n g  
max v a lu e  f o r  t h e  c r a c k  o p e n in g  n e e d s  t o  b e  d e t e r m in e d ,  p r o v i d e d  
t h a t  i n  s u c h  a  t e s t  t h e  c r a c k  l e n g t h  m u s t b e  r e l a t i v e l y  s m a l l  
t o  s i m u l a t e  i n f i n i t e  b o u n d a r y  c o n d i t i o n s .
The Same tw o e q u a t io n s  can  b e  u s e d  t o  y i e l d  a  u s e f u l  e x p r e s s io n  
g iv in g  th e  v a lu e  o f  t h e  s h e a r  m odulus f o r  c o a te d  f a b r i c s  "G" 
a s  fo l lo w s
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b .V p ^  _ (AE)^ J ToH + Gh^
4>2 ^  ( AE Lq
a n d  s i n c e  h -  Lq
i2
= AE(To + Gh)" b . V p T
_ ^  J
[ b .V o lZ _J.
■  [  J  ■ AE:
Tr
AEh
b u t  t o  u s e  t h i s  e x p r e s s i o n  a n o t h e r  v a l u e  n e e d s  t o  b e  c a l c u l a t e d  fro m  
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F I G ( 2 - 4 )
FIG ( 2  5 )
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FIG ( 2 - 6 )
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F I G  ( 2  8 )
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FIG(  2 - 9 )
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DISCUSSION AND COMPARISON WITH PREVIOUS WORK—  ' ' . ■ — - ' '    — t-i
3 .1 .  I n f lu e n c e  o f  S t r e s s  F i e ld s  B ia x ia l i ty  
on th e  C rack  P r o p a g a t io n  B e h a v io u r
To a p p r e c i a t e  t h e  s i g n i f i c a n c e  o f  t h e  p ro p o s e d  s o l u t i o n ,  i t  w ou ld  
be  b e t t e r  t o  t r y  a n d  c a s t  some l i g h t  on th e  b o u n d a ry  s e p a r a t i n g  
a  s t r u c t u r a l  n e t  from  a  hom ogeneous m a t e r i a l  th ro u g h  i n v e s t i g a t i n g  
some a t o m i s t i c  a s p e c t s  o f  c ra c k  p r o p a g a t io n  i n  b r i t t l e  s o l i d s .
A f t e r  a l l  i n  f r a c t u r e ,  a s  i n  any  th e rm o d y n am ic  p r o c e s s ,  t h e  f i n a l  
a n sw e rs  s h o u ld  b e  s o u g h t  a t  t h e  a to m ic  o r  m o le c u la r  l e v e l ,  f o r  i t  
i s  t h e  n a tu r e  o f  t h e  c o h e s iv e  b o n d in g  b e tw e en  t h e  c o n s t i t u e n t  atom s 
in  s o l i d s  w h ich  u l t i m a t e l y  d e te r m in e s  th e  r e s i s t a n c e  t o  t h e  p r o ­
p a g a t io n  o f  t h e  c ra c k  ( 2 1 ) .
W hile  an a t o m i s t i c  a p p ro a c h  p r o v id e s  p h y s i c a l  i n s i g h t  i n t o  th e  
p ro b le m , i t  i n e v i t a b l y  in v o lv e s  g r e a t e r  c o m p l ic a t io n  in  a n a l y s i s  
s p e c i a l l y  i n  c ra c k  s y s te m s  w ith  i t s  a d d e d  c o n f i g u r a t i o n a l  com­
p l e x i t y ,  s o  s i m p l i f y i n g  a s s u m p tio n s  m u st be  made i n  o r d e r  t o  
a c h ie v e  some s t r u c t u r a l  m odel o f  a  s o l i d  w h ich  can  b e  u s e d  i n  th e  
a n a l y s i s .  ■
F ig u re s  ( 3 . 1 ) ,  ( 3 . 2 )  i l l u s t r a t e s  tw o m odels  w h ich  h a v e  b e e n  s u b ­
j e c t e d  t o  a  l a t t i c e - s t a t i c  a n a l y s i s  ( 2 1 ) .  In  t h e  f i r s t  m odel ( 2 4 )  
o n e - d im e n s io n a l ,  t h e  c ra c k  i s  d e p ic t e d  as  two s e m i - i n f i n i t e  c h a in s  
c o n s i s t i n g  o f  p o i n t  atom s l i n k e d  h o r i z o n t a l l y  by  b e n d a b le  e le m e n ts  
an d  v e r t i c a l l y  b y  s t r e t c h a b l e  e l e m e n t s ,  t h e  c h a in s  a r e  s u b j e c t e d  
t o  o p e n in g  f o r c e s  a p p l i e d  v e r t i c a l l y  a t  t h e  f r e e  e n d s ,
The s e c o n d  m odel ( 2 5 ) ,  two d im e n s io n a l ,  c o m p rise  an i n f i n i t e  s q u a re  
l a t t i c e  o f  a tom s l i n k e d  by  s t r e t c h a b l e  and  b e n d a b le  e l e m e n t s , w i th  
t h e  c ra c k  c e n t r e d  h o r i z o n t a l l y  a t  t h e  o r i g i n .
The c ra c k  i s  o p e n e d  by  a  v e r t i c a l  w ed g in g  f o r c e  o r  by  v e r t i c a l  
t e n s i l e  f o r c e s  d i s t r i b u t e d  u n i fo r m ly  : a t  i n f i n i t y .
The a n a l y s i s  assum es th e  s im p l e s t  o f  f o r c e  law s f o r  t h e  l i n k i n g
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e le m e n t s ,  i . e .  t h a t  t h e  e le m e n ts  a r e  h o o k een  up t o  a  c r i t i c a l  
b r e a k in g  p o i n t ,  s i n c e  t h e  do m in an t f a c t o r  i s  t h e  i n t e r p l a y  b e ­
tw een  a d ja c e n t  bonds a t  th e  c ra c k  p la n e  r a t h e r  th a n  t h e  n a tu r e  o f  
t h e  f o r c e  law  i t s e l f .
C o n s id e r in g  t h e  f i r s t  m odel and  u s in g  t h e  c o -o r d in a te ,  sy s te m  i n  
F ig ,  ( 3 ,3 )  f o r  t h e  j t h  a tom  t o  c a l c u l a t e  t h e  t o t a l  e n e rg y  o f  t h e  
c ra c k  s y s te m  f o r  t h e  c a s e  o f  i n f i n i t e  b o u n d a ry . The e n e rg y  com­
p o n e n ts  a r e  :
1 .  Work o f  e x t e r n a l  f o r c e s  "U_ "' ' ■ — ........... L—
= -  2 F Ug ( j = 0 )
2 . S h e a r  s t r a i n  e n e rg y  i n  b e n d a b le  e le m e n ts  ’Vg,"
The bo n d s a t  atom  " j "  a r e  b e n t  th ro u g h  an a n g le
0 . = s h e a r  s t r a i n  a t  j  = 0 . . -  0 . .
] 3 ,3+ 1  3 ,3 - 1
= t a n  0 . . -  t a n  0 . . ( s m a l l  a n g le  a p p ro x im a t io n )
] ,3 + 1  3 ,3 ~ l
= ( u .  -  u . ) / a  -  ( u .  -  u .  ) / a  = ( u .  -  2 u . + u .  ) / a
3+1 3 o 3 3 ” 1 o 3+1 3 3"1 o
.* .  W = 2 ( J a a ^ 0 ^ ) = a ( u . ^  - 2 u .  + u .  )^
^  0 3 3+1 3 3 -1
( 1  ^  j  <  « )  
w here " a ” i s  th e  s h e a r  s t i f f n e s s  c o n s t a n t .
3 . S e p a r a t io n  e n e rg y  o f  s t r e t c h a b l e  e le m e n ts
The b o n d s a t  a tom  ” j "  a r e  s t r e t c h e d  th ro u g h  ” 2U j” , an d  t h e  b ro k e n
b o n d s a r e  th e  o n es  who h a v e  e x c e e d e d  some c r i t i c a l  d i s p la c e m e n t
"2 u  ” . c
S e p a r a t io n  e n e rg y  = i  0 (2 u ^ )^  (1  <  j  < n )
■ = J 3 (2 U j)2  (n  <  j  <  » )
Where " n ” i d e n t i f i e s  th e  c r a c k - t i p  b ond  and  "3"  i s  th e  s t i f f n e s s  
c o n s ta n t  f o r  s t r e t c h i n g .
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The t o t a l  s y s te m  e n e rg y  ( i g n o r in g  k i n e t i c  te r m s )
,2U = a ( u .  -  2u .  + u .  )■
3+1 3 3 - 1
3 = 1
t  2 ( n - l )  g + 23 X ) - 2  FU(,
°  j= n  ]
T h is  e q u a t io n  i n c o r p o r a t e s  t h e  b o u n d a ry  c o n d i t i o n s .
And f o r  s t a b l e  e q u il ib r iu m
| ~  = o (o  <  i  <  " )
3
w hich  g iv e s  an i n f i n i t e  s e t  o f  f o u r t h - o r d e r , l i n e a r  d i f f e r e n c e  
e q u a t io n s  ( t h e  a n a lo g u e  o f  th e  d i f f e r e n t i a l  e q u a t io n s  o f  eq u ilib riu m  
f o r  a  l i n e a r  e l a s t i c  c o n tin u u m ) . And i t  can  b e  s e e n  t h a t  t h e  
f o u r t h - o r d e r  te rm s  a r e  r e s u l t i n g  from  th e  s h e a r  s t r a i n  e n e r g y .a n d  
t h a t  i s  why th e  g o v e rn in g  eqm» e q u a t i o n - f o r  t h i n  s h e e t s - o f  hom ogeneous 
i s o t r o p i c  m a t e r i a l  u n d e r  p la n e  s t r e s s  i s  th e  b ih a r m o n ic  e q u a t i o n :
V^ (J> = o
W hile  i n  a  s t r u c t u r a l  n e t ,  w i th  i t s  s h e a r - l a g  n a t u r e ,  t h e  g o v e rn in g  eqm, 
e q u a t io n  i s  th e  h a rm o n ic  o r  L a p la c e ’ s e q u a t io n :
= 0
Now, o b s e r v in g  th e  p ro p o s e d  s o l u t i o n  f o r  th e  i n f i n i t e  n e t  c a s e s  ( u n ­
c o a t e d ) ,  w h ich  i s  g iv e n  b y :
in  a  b i a x i a l  s t r e s s  f i e l d  ( i . e .  To $ 0 ) ,
When Tq i s  n o t  l i n e a r l y  r e l a t e d  t o  ( i . e .  T^ $ 1  V^) t h e  e q u a t io n  
becom es :
V = — 2
°  ( b ) :
w h ich  i s  s i m i l a r  t o  t h a t  o b t a in e d  f o r  hom ogeneous i s o t r o p i c  m a t e r i a l s  
u n d e r  u n i a x i a l  t e n s i o n  u n ifo rm ly  d i s t r i b u t e d  a t  i n f i n i t y .
T h is  s h o u ld  b e  e x p e c t e d ,  and  i s  due t o  t h e  i n f l u e n c e  o f  t h e  b i a x i a l i t y  
o f  th e  s t r e s s  f i e l d .
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B e c a u se  o n ce  th e  v a lu e  o f  "T ” e x c e e d s  z e r o ,  t h i s  m eans a  r e d u c t io no '
i n  th e  c a b l e ’s  ( y a m s )  a b i l i t y  t o  r o t a t e  r e l a t i v e  t o  e a c h  o t h e r
t o  s h a r e  t h e  l o a d ,  i t  i s  i n  e f f e c t  an  i n t r o d u c t i o n  o f  a  s h e a r  r e ­
s i s t a n c e  i n  th e  n e t , an d  th e  h i g h e r  t h e  v a l u e , t h e  h i g h e r  th e
s h e a r  s t i f f n e s s  i n t r o d u c e d .  Once a  s h e a r  s t i f f n e s s ,  in d e p e n d e n t  
o f  , i s  in t r o d u c e d  i n  t h e  n e t ,  t h e  s i t u a t i o n  becom es s i m i l a r  t o  
t h a t  o f  t h e  a t o m i s t i c  m odel and  s o ,  i t  w ou ld  b e  r e a s o n a b le  t o  
e x p e c t  a  c ra c k  p r o p a g a t io n  b e h a v io u r  s i m i l a r  t o  t h a t  o f  a  hom ogen­
e o u s  i s o t r o p i c  m a t e r i a l .
When i s  l i n e a r l y  r e l a t e d  t o  ( i . e .  X = c o n s ta n t )  t h e  e q u a t io n  
r e l a t i n g  t h e  c r i t i c a l  t e n s i o n  t o  h a l f  t h e  c r a c k  l e n g th  ”b ” becom es
( b ) V 3
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3 .2 .  C o r r e l a t i o n  B etw een T o p p in g ^ s  Work (1 2 )  an d  th e  
P ro p o s e d  S o lu t io n  f o r  C o a te d  F a b r ic s  S u b je c te d  
t o  a  B i a x i a l  S t r e s s  F i e ld
The p ro p o s e d  s o l u t i o n  g iv e n  by E q u a tio n  (8 a )  can  b e  w r i t t e n  i n  
th e  fo rm ;
AE + Gh]
w h ich  g iv e s  a  s t r a i g h t  l i n e  e q u a t io n  a s  shown i n  F ig .  ( 3 . 4 ) ,  
w here  m = ( — ) AETT
K = m.Gh
As m e n tio n e d  e a r l i e r .  T o p p in g  com pared  th e  f o l lo w in g  t h e o r i e s :
1 .  M o d if ie d  G r i f f i t h  t h e o r y .
2 . E le m e n ta ry  f a b r i c  t h e o r y .
3 . H e d g e p e th ’ s  s t r e s s  c o n c e n t r a t i o n  f a c t o r .
4 . D e a to n ’s  f r a c t u r e  m e c h a n ic s  a p p ro a c h .
W hich p r e d i c t s  t h e  b u r s t  s t r e n g t h  o f  l o n g i t u d i n a l l y  s l i t  p r e s s u r i s e d  
f a b r i c  c y l i n d e r s , w i th  t e s t s  o f  w arp  c y l i n d e r s  h a v in g  v a r io u s  d i a ­
m e te rs  an d  l e n g t h s , and  c o n ta in in g  s l i t s  o f  v a r io u s  l e n g t h s  and  
w i d t h s .
\
T o p p in g  came t o  t h e  c o n c lu s io n  t h a t , t h e  o n ly  th e o r y  t h a t  f i t s  t h e  
d a ta  v e ry  w e l l ,  i s  t h e  m o d if ie d  G r i f f i t h  t h e o r y ,  r e q u i r i n g  t h r e e  
e m p i r i c a l  c o n s t a n t s ,  and  g iv e n  i n  t h e  fo rm :
4 0 .6p r  = ----------------------------- y -
j^O-65 (1  + 0 .7 6  ^ )
w here  p r  = f a i l u r e  s t r e s s  
Z = c ra c k  l e n g th  
r  = c y l i n d e r ’s  r a d iu s  
and  i n  w h ich  th e  te rm  (1  + 0 ,7 6  —) ,  c y l i n d e r  c u r v a tu r e  f a c t o r ,  was 
i n t r o d u c e d  t o  a c c o u n t  f o r : t h e  a d d i t i o n a l  s t r e s s  c o n c e n t r a t i o n  due 
t o  t h e  l o c a l  e f f e c t  o f  th e  p r e s s u r e  a c t i n g  n o rm a l t o  t h e  s h e e t  i n  
t h e  r e g io n  o f  t h e  s l i t .
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F o r a  f l a t  n e t  t h i s  e q u a t io n  can  b e  w r i t t e n  a s  :
V = ——  w here  b =
o b O '6 5  2
w h ich  i s  a lm o s t  i d e n t i c a l  t o  t h e  p ro p o s e d  e q u a t io n  f o r  u n c o a te d  
f a b r i c s  ( i . e .  f o r  G = 0) g iv e n  a s ;
v 4 -  =jblVj bO-666
b u t  s in c e  T o p p in g ’s e x p e r im e n ta l  w ork was c o n d u c te d  on c o a te d  f a b r i c s ,  
t h i s  m ean t t h a t ,  i n  o r d e r  t h a t  th e  p ro p o s e d  r e l a t i o n .  F i g ,  ( 3 , 4 ) ,  
b e  v a l i d ,  p l o t t i n g  T o p p in g ’s e x p e r im e n ta l  r e s u l t s  on t h e  same a x is  
a s  i n  F ig ,  ( 3 ,4 )  h a d  t o  g iv e  a  s t r a i g h t  l i n e  r e l a t i o n  w h ich  p a s s e s  
th ro u g h  o r  c lo s e  t o  th e  o r i g i n ,  i n d i c a t i n g  t h a t  t h e  c o a t i n g  h a d  n o  
o r  l i t t l e  e f f e c t  on th e  t e a r  p r o p a g a t io n  b e h a v io u r  o f  t h e  w arp 
c y l i n d e r s , th u s  e x p la i n in g  why as  a  r e s u l t  a  r e l a t i o n  a lm o s t  i d e n t i c a l  
t o  t h a t  p r e d i c t e d  f o r  u n c o a te d  f a b r i c s  was o b ta in e d .
F ig u re  ( 3 ,5 )  shows th e  p l o t t i n g  o f  T o p p in g ’s  r e s u l t s ,  an d  i t  can  b e  - 
s e e n  t h a t  t h e  r e l a t i o n  o b ta in e d  i s  a lm o s t  a  s t r a i g h t  l i n e  p a s s in g  
th ro u g h  t h e  o r i g i n ,  th u s  c o n f i rm in g  th e  v a l i d i t y  o f  t h e  p ro p o s e d  
s o l u t i o n .
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3 .3 ,  C om parison  B etw een R a c a h ’s E x p e r im e n ta l  Work (1 5 )  
an d  th e  P ro p o s e d  S o lu t io n  f o r  C o a te d  F a b r ic s  
U nder a  U n ia x ia l  S t r e s s  F i e ld
E x p e r im e n ta l  w ork was c o n d u c te d  by  Racah t o  d e te rm in e  an e m p i r i c a l  
r e l a t i o n  b e tw e en  t h e  c r i t i c a l  b o u n d a ry  t e n s i o n  an d  th e  c r a c k  l e n g t h  
f o r  PVC c o a te d  p o l y e s t e r  f a b r i c s  s u b j e c t e d  t o  a  u n i a x i a l  s t r e s s  
f i e l d .
In  i n t e r p r e t i n g  h i s  r e s u l t s  R acah c o n c lu d e d  t h a t  t h e  r e q u i r e d  r e ­
l a t i o n  i s  g iv e n  b y  :
V-= — —  = ----- ------- (w arp  d i r e c t i o n )
(b)% ( b ) 0 '4 4
—  ( w e f t  d i r e c t i o n )
(b ) 0 • 39
The p ro p o s e d  r e l a t i o n  i n  th e  p r e s e n t  w ork g iv e s  t h e  v a lu e  o f  t h e  
e x p o n e n t "n"  i n  b o th  d i r e c t i o n s  t o  b e  n  = 0 , 5 ,  an d  i n  o r d e r  t o  
i n v e s t i g a t e  t h e  r e a s o n  f o r  t h i s  c o n t r a d i c t i o n ,  R a c a h 's  r e s u l t s  w ere  
e x a m in ed  th o r o u g h ly .  The r e s u l t s  a r e  g iv e n  i n  T a b le  ( 3 .1 )  w h i le
T a b le  ( 3 .2 )  shows a  c o m p a riso n  b e tw e en  th e  v a lu e  o f  t h e  c o n s ta n t
\
"K " , i n  t h e  w arp d i r e c t i o n ,  o b ta in e d  by  a d o p t in g  an e x p o n e n t v a lu e  
n  = 0 .4 4  and  n = 0 .5  and  a l s o  a  s i m i l a r  c o m p a riso n  f o r  t h e  w e f t  
d i r e c t i o n .
The s t r a i g h t  l i n e  r e l a t i o n ;
lo g ( v )  = -  n l o g ( b )  + lo g ( k )
was a l s o  p l o t t e d  i n  F ig .  ( 3 ,6 )  t o  i n v e s t i g a t e  w h ich  v a lu e  f o r  t h e  
e x p o n e n t " n ” w ould  g iv e  a  b e t t e r  f i t  f o r  th e  e x p e r im e n ta l ,  r e s u l t s .
I t  i s  a rg u a b le  w h ich  o f  t h e  two e x p o n e n t v a lu e s  s h o u ld  b e  c o n s id e r e d  
t o  g iv e  a  more a c c u r a te  r e p r e s e n t a t i o n  f o r  t h e  r e s u l t s ,
Racah i n  i n t e r p r e t i n g  h i s  r e s u l t s  c a l c u l a t e d  t h e  v a lu e  o f  t h e  
e x p o n e n t "n"  as  t h e  a v e ra g e  v a lu e  o f  t h e  f i v e  t e s t  r e s u l t s , b u t  i t
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can b e  a rg u e d  t h a t  p u t t i n g  m ore e m p h a s is  i n  c a l c u l a t i n g  t h e  v a lu e  
o f  t h e  e x p o n e n t  on t h e  l a s t  t h r e e  t e s t s  i n  w h ich  th e  l e n g th  o f  
t h e  c ra c k  r a n g e d  b e tw e e n  4 cm ->■ 10 cm w ould  b e  m ore a c c u r a t e ,  
s in c e  th e  e r r o r  a c c u m u la te d  i n  a c h ie v in g  t h e s e  t h r e e  r e s u l t s  i s  
l e s s ^ th a n  i n  t h e  o t h e r  tw o .
The a u th o r  t e n d s  t o  f a v o u r  t h e  l a t e r  v ie w , s p e c i a l l y  s in c e  t h e s e  
c ra c k  l e n g t h s  w ere  m ea su red  a f t e r  t h e  t e s t  by  e x a m in in g  th e  t o m  
s p e c im e n ,
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3 .4 .  C om parison  B etw een M inam i’ s Work (9 )  a n d  t h e  
P ro p o s e d  S o lu t io n  f o r  C o a te d  F a b r ic s  U nder a  
U n ia x ia l  S t r e s s  F i e l d
M inam i’s e x p r e s s io n  f o r  t h e  f r a c t u r e  to u g h n e s s  o f  c o a te d  f a b r i c s
Y = (4b  + i )
8 -
g iv e s  t h e  f r a c t u r e  to u g h n e s s  v a lu e  i n  te rm s  o f  t h e  c r i t i c a l  
t e n s i o n  h a l f  t h e  c ra c k  l e n g th  " b " , y a m  c o u n t  p e r  u n i t
l e n g t h  " n ^ " , s h e a r  m odu lus o f  c o a te d  f a b r i c  and  Y oung’s
m odu lus o f  y a m  "E ^” .
When t h e  d i s t a n c e  b e tw e e n  y a m s  — << b t h i s  e x p r e s s io n  becom es :
c
b Va .
S in c e  M inam i’ s  e x p r e s s io n  was d e v e lo p e d  u s in g  H e d g e p e th ’ s i n f l u e n c e  
f u n c t i o n ,  w h ich  do es  n o t  a c c o u n t  f o r  th e  e f f e c t  o f  t h e  f i n i t e  
b o u n d a r ie s  , t h e  p ro p o s e d  s o l u t i o n  f o r  t h e  i n f i n i t e  b o u n d a ry  c a s e  
was u s e d  t o  d e r iv e  a  c o r r e s p o n d in g  e x p r e s s io n  f o r  t h e  f r a c t u r e  
to u g h n e s s  a s  f o l lo w s  :
= [ i OTT bV(. ,Y = Y " —^  w here  c 
f o r  T = 0  o
a n d  i n  t h e  c a s e  o f  a  s q u a re  mesh . ’ , = h an d  th e  f r a c t u r e
to u g h n e s s  v a lu e  i s  g iv e n  b y :
b Vi
Y = 2 •
V  AEGh
w h ich  i s  q u i t e  s i m i l a r  t o  t h a t  o f  Minami an d  w here  G : t h e  s h e a r  
m odu lus b e tw e e n  y a m s  (d e p e n d s  on t h e  m ethod  o f  c o a t i n g ,  d e g re e  o f  
c o a t i n g  p e n e t r a t i o n  i n t o  t h e  woven f a b r i c  s t r u c t u r e , an d  t h e  p r o ­
p e r t i e s  o f  t h e  c o a t i n g  m a t e r i a l ) ,  "E ” i s  Y oung’s m odulus f o r  y a m .
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and  ”A” i s  th e  c r o s s - s e c t i o n a l  a r e a  o f  t h e  y a m .
As m e n tio n e d  e a r l i e r ,  s in c e  th e  a p p l i c a t i o n  o f  c o a t i n g  i n t r o ­
duces  s h e a r  s t i f f n e s s  in d e p e n d e n t  o f  an d  assum ed  t o  b e  c o n s ta n t  
in  t h e  n e t ,  b o th  e jq p re s s io n s  show a  c ra c k  p r o p a g a t io n  b e h a v io u r  
s i m i l a r  t o  t h a t  o f  a  hom ogeneous m a t e r i a l .
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b
V0 [K N /m ]
[  mm] w arp w e f t
8 4 0 .0 3 1 .1
1 2 .5 3 4 .7 2 6 .6
20 2 8 .8 2 3 .4
3 1 .5 2 3 .1 1 9 .3
50 1 8 .0 1 4 .8
TABLE ( 3 .1 )
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C o n s ta n t  "K”
b w arp w e f t
mm n = 0 .4 4  n  = 0 .5 n = 0 .3 9  n = 0 .5
8 4 .7 8 3 .5 7 7 7 4 .7 3 1 1 2 .7 8 1 7
1 2 .5 5 .0 4 6 3 .8 7 9 5 4 .8 1 5 2 .9 7 3 9
20 5 .1 5 4 .0 7 2 9 5 .0 8 8 3 .3 0 9
3 1 .5 5 .0 4 5 4 .0 9 9 5 .0 1 3 ,4 2
50 4 .8 1 7 4 4 .0 2 5 4 .6 0 3 .3 1
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F I G (3 3 )
C o o rd in a te  s y s te m  f o r  a t o m i s t i c  m odels (21)
Vo •
K
FI G ( 3  4 )
P r e d ic t e d  r e l a t i o n  f o r  c o a te d  f a b r i c s '  u n d e r  b i a x i a l  s t r e s s ,
65
TI}C Critical Slit Length oj Pressurized Coated I'abric Cylinders (12)
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DISCRETE ANALYSIS APPROACH TO 




DISCRETE ANALYSIS APPROACH TO CRACK 
PROPAGATION OF STRUCTURAL NETS
4 .1 .  I n t r o d u c t i o n
S t r u c t u r a l  n e t s  a r e  c h a r a c t e r i s e d  by  t h e . f a c t  t h a t  f o r  a  g iv e n  
lo a d in g  c o n d i t i o n ,  t h e  i n t e r n a l  f o r c e s  an d  t h e  r e s u l t i n g  g e o m etry  
n e c e s s a r y  t o  m a in ta in  e q u i l ib r iu m  a r e  i n t e r d e p e n d e n t .
T h is  p r o p e r t y  m eans t h a t  t h e  u s u a l  a s su m p tio n  o f  i n f i n i t e s i m a l  
d e fo r m a t io n s  no  lo n g e r  h o ld s  , th u s  th e  p r i n c i p l e  o f  s u p e r p o s i t i o n  
lo o s e s  i t s  v a l i d i t y  and  th e  e q u a t io n s  g o v e rn in g  i t s  d e f l e c t i o n  b e ­
h a v io u r  becom es n o n - l i n e a r .
From th e  p o i n t  o f  v iew  o f  a n a l y s i s ,  a  s t r u c t u r a l  n e t  i s  t r e a t e d  
m a in ly  i n  tw o ways :
( 1 )  As a c o n tin u o u s  s y s te m  ( i . e .  membrane w i th o u t  s h e a r  s t i f f n e s s ) .  
Where a  c o n tin u o u s  m a th e m a tic a l  f u n c t io n  i s  d e v e lo p e d  t o  r e ­
p r e s e n t  t h e  s u r f a c e , and  th e  unknown d is p la c e m e n ts  a r e  c a l c u ­
l a t e d  b y  s o lv i n g  t h e  d i f f e r e n t i a l  e q u a t io n s  o f  e q u i l i b r i u m .
T h is  a p p ro a c h  was i l l u s t r a t e d  i n  d e r i v i n g  a t  t h e  p ro p o s e d  
s o l u t i o n .
(2 )  As a  d i s c r e t e  s y s te m  ( i . e .  an a sse m b ly  o f  p i n - j o i n t e d  members 
i n t e r c o n n e c t e d  a t  a  f i n i t e  num ber o f  n o d a l  p o i n t s ) .
I n  t h i s  s y s te m , t h e  lo a d s  a r e  assum ed  t o  be  c o n c e n t r a t e d  a t  
th e  n o d a l  p o i n t s , an d  a t  e a c h  node e q u i l ib r i u m  b e tw e en  e x t e r n a l  
a n d  i n t e r n a l  f o r c e s  and  c o m p a t i b i l i t y  o f  d i s p la c e m e n ts  m ust b e  
a c h ie v e d .
Due t o  th e  m a th e m a t ic a l  c o m p le x ity  o f  t h e  e q u a t io n s  g o v e rn in g  th e  
d e f l e c t i o n  b e h a v io u r  o f  s t r u c t u r a l  n e t s  , u s u a l l y  a f t e r  s e t t i n g  th e  
p ro b le m  a n d  i t s  g o v e rn in g  e q u a t i o n s ,  u s in g  e i t h e r  a p p ro a c h , i t e r a ­
t i v e  t e c h n iq u e s  a r e  a d o p te d  t o  s o lv e  t h e s e  e q u a t io n s  and  d e te rm in e  
th e  f i n a l  s h a p e .
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T r e a t i n g  n e tw o rk s  a s  a  d i s c r e t e  sy s te m  i s  g e n e r a l l y  p r e f e r r e d ,  b e c a u s e  
i t  c a n  be  u s e d  f o r  a lm o s t  any  n e t  c o n f i g u r a t i o n s  an d  ed g e  c o n d i t i o n s ,  
and  i t  e n a b le s  th e  d e s ig n e r  t o  t a k e  i n t o  a c c o u n t  t h e  e f f e c t s  o f  
m a t e r i a l  n o n - l i n e a r i t y ,  an d  e v e n  a llo w s  t h e  u s e  o f  m ore th a n  one ty p e  
o f  c a b le s  i n  fo rm in g  th e  n e tw o rk , i f  he so  w is h e s .
The d i s c r e t e  a p p ro a c h  i s  p a r t i c u l a r l y  s u i t a b l e  f o r  i n v e s t i g a t i n g  some 
o f  t h e  a s p e c t s  a s s o c i a t e d  w i th  c ra c k  p r o p a g a t io n  i n  s t r u c t u r a l  n e t s ,  
su c h  a s  t h e  s l i p p i n g  o f  j o i n t s  due t o  t h e  c o n c e n t r a t i o n  o f  s t r e s s e s  
a t  t h e  c r a c k  t i p  r e g io n .
C om puter p ro g ra m s  a d o p t in g  t h e  l a t t e r  a p p ro a c h  w ere  d e v e lo p e d  t o  g iv e  
f u r t h e r  e v a l u a t i o n  t o  th e  t h e o r e t i c a l  s o l u t i o n  p ro p o s e d ,a n d  t o  e x p lo r e  
o t h e r  a s p e c t s  o f  t h e  c ra c k  p r o p a g a t io n  phenom enon.
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4 . 2 .  D i s c r e t e  A n a ly s is  M ethod
The m eth o d  c o n s id e r e d  h e r e i n  makes t h e  f o l lo w in g  a s s u m p tio n s  ;
(1 )  The c a b le  n e t  i s  r e p l a c e d  b y  l i n e  s e g m e n ts .
(2 )  The l i n e  s e g m e n ts  h a v e  n e g l i g i b l e  b e n d in g  s t i f f n e s s ,
(3 )  Loads a r e  a p p l i e d  a t  th e  n o d e s  o n ly ,  .
(4 )  The edge  e le m e n ts  o f  t h e  n e tw o rk s  a r e  e i t h e r  edge  c a b le s
o r  f i x e d  c a b le  e n d s .
The m eth o d  o f  a n a l y s i s  i s  an e x p l i c i t  o n e ,  i . e .  i t  does  n o t  r e ­
q u i r e  t h e  f o rm a t io n  o f  an  o v e r a l l  s t i f f n e s s  m a t r ix  and  e q u ilib r iu m  
and  c o m p a t i b i l i t y  c o n d i t io n s  a r e  t r e a t e d  s e p a r a t e l y .
L arge  d i s p la c e m e n ts  o f  t h e  c a b le  n e t  a r e  c o n s id e r e d  a n d  t h e  e f f e c t  
o f  t h e  change i n  b o th  t h e  n e t  g e o m e try  an d  t h e  m a t e r i a l  p r o p e r t i e s  
may b e  ta k e n  i n t o  a c c o u n t  when f o r m u la t in g  t h e  s t a t i c  e q u i l ib r i u m  
e q u a t i o n s .
The p ro c e d u re  o f  a n a l y s i s  can  b e s t  b e  e x p la in e d  by  c o n s id e r in g  a  
s i n g l e  u n s t r a i n e d  c a b le  e le m e n t  i n  t h r e e  d im e n s io n s ,  d e f in e d  by 
th e  c a r t e s i a n  c o - o r d i n a t e s  o f  i t s  two e n d s ,  (1 )  and  (2 )  a s  show n, 
in  F ig .  ( 4 . 1 ) ,  i . e .  ( x q ,  y ^ , z%) and  ( x 2 , y 2 , zz )  r e s p e c t i v e l y .  
When t h i s  e le m e n t  i s  s t r a i n e d  u n d e r  t h e  e f f e c t  o f  a x i a l  f o r c e ,  t h e  
c o - o r d i n a t e s  o f  t h e  tw o e n d s  (1 )  and  (2 )  become (x% t  u q , y  % + v q , 
z i  + w%) and  ( x 2 + UZ) Y2 + "^ z s ^2 + # z )  r e s p e c t i v e l y ,  and  a  f o r c e  
"S" i s  in t r o d u c e d  i n  t h e  c a b l e ,
S = AE . ~  (9)
o
w here A : c r o s s - s e c t i o n a l  a r e a  o f  t h e  c a b le  
E : m odulus o f  e l a s t i c i t y  
A : ch an g e  i n  l e n g t h  
L^ : o r i g i n a l  l e n g t h  o f  t h e  c a b le  
and  th e  p r o j e c t i o n s  o f  t h e  c a b le  c e n t r e  l i n e  on t h e  p r i n c i p l e  a x es
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X = X ± ( u i “ U 2 )
y  = ± ( v i  -  V2 )
z = ± (w i -  W2 )
The s u b s c r i p t  o i n d i c a t e s  th e  i n i t i a l  v a lu e  o f  t h e  p r o j e c t i o n s .  
The l e n g t h  o f  t h e  d e fo rm ed  member i s ;
L = V  x^ + y^ + z^
L — L A
The s t r a i n  = — =— -  = —L LO O
C o n s id e r in g  an a sse m b ly  o f  su c h  c a b le s  fo rm in g  a  n e t  and  f i x e d  a t  
th e  b o u n d a r ie s  an d  i n  a  s t a t e  o f  e q u i l i b r i u m ,  su c h  a  n e t  h a s  t h e  
c a p a c i ty  t o  r e s i s t  b o th  i n  and  o u t  o f  p la n e  l o a d s , and  when s u b ­
j e c t e d  t o  a  lo a d  (P )  th e  p o s i t i o n  o f  t h e  i n t e r i o r  n o d e s  w i l l  
change t o  a c h ie v e  a n o th e r  e q u i l ib r i u m  s t a t e .
T a k in g  th e  com ponen ts  o f  t h e  l o a d  ( ? )  i n  th e  x ,  y  an d  z d i r e c t i o n s  
a s  ( P ^ ) ;  ( Py )  and  ( P^ )  r e s p e c t i v e l y ,  and  th e  com ponen ts o f  t h e  
f o r c e  i n  t h e  s t r a  n d  (S )  i n  t h e  x ,  y  an d  z d i r e c t i o n s  a s  ( S ^ ^ ,
(Sy)  a n d  (Sg,) r e s p e c t i v e l y .  A t e a c h  node t h r e e  e q u a t io n s  \o f  
e q u i l i b r i u m  can  b e  s e t  up r e l a t i n g  th e  c a b le  f o r c e s  t o  th e  lo a d  
com ponen ts .
F o r "n "  c a b le s  m e e tin g  a t  a  n o d e ,  t h e  e q u i l ib r i u m  e q u a t io n s  a t  t h i s  
node a r e  :
%S -  P = 0X.  X1
1 = n
i  = 1
-  P = 0
Y i y
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1  = n
i  = 1
S -  P = 0 Z i z
T hese  g o v e rn in g  e q u a t io n s  a r e  n o n - l i n e a r  a l g e b r a i c  e q u a t i o n s ,  e a c h  
in  te rm s  o f  t h e  unknown d is p la c e m e n ts  o f  t h e  d e f l e c t e d  n o d e s .
F o r a  r e g u l a r  n e tw o rk  w here  t h e  s t r a n d s  a r e  i n t e r s e c t i n g  a t  more 
th a n  one p o i n t ,  s e t t i n g  up t h e  e q u i l i b r i u m  e q u a t io n s  a t  e a c h  d e ­
f l e c t e d  no d e  f o r  t h e  w ho le  n e t  w i l l  l e a d  t o  a  num ber o f  s im u l ta n ­
e o u s  n o n - l i n e a r  e q u a t io n s  e q u a l  t o  t h e  num ber o f  n o d a l  p o i n t s  
m u l t i p l i e d  by  th e  num ber o f  d e g re e s  o f  d i s p la c e m e n t  freed o m  p e r  
n o d e ,  w h ich  m u st b e  s o lv e d  t o  o b t a i n  t h e  d e fo rm ed  s h a p e .
As m e n tio n e d  e a r l i e r ,  t h e  m ethod  a l l o w s ,  t h e  e f f e c t  o f  th e  change 
i n  b o th  t h e  m odulus o f  e l a s t i c i t y  an d  th e  c r o s s - s e c t i o n a l  a r e a  o f  
th e  c a b le s  t o  b e  ta k e n  i n t o  a c c o u n t  when f o r m u la t in g  th e  e q u i l ib r i u m  
e q u a t i o n s .
T h is  a im  i s  a c c o m p lis h e d  by  m eans o f  an a l g e b r a i c  e x p r e s s io n  w h ich  
s im u la t e s  t h e  e lo n g a t io n  b e h a v io u r  o f  th e  c a b l e s , d e te rm in e d  by  
t e s t i n g .  T h is  e x p r e s s io n  c o u ld  th e n  be  u s e d  t o  r e p r e s e n t  t h e  r e ­
l a t i o n  b e tw e e n  t h e  v a lu e  o f  (AE) f o r  th e  c a b le s  an d  t h e  c o r r e s p o n d in g  
v a lu e  o f  t h e  c a b le  s t r a i n  ( £ ) ,  so  t h a t  t h e  v a lu e  o f  (AE) f o r  e a ch  
c a b le  i n  t h e  n e t  a t  e a c h  s t a g e  o f  t h e  s o l u t i o n  can  b e  e x p r e s s e d  in  
th e  e q u i l i b r i u m  e q u a t io n s  i n  te rm s  o f  t h e  unknown d is p la c e m e n ts  o f  
t h e  d e f l e c t e d  n o d e s  i n  t h e  x ,  y  an d  z d i r e c t i o n s .  H ence e q u a t io n  (9 )  
becom es a  f u n c t i o n  o f  o n ly  th e  s t r a i n  ( e ) ,
S = f ( £ )  = f  ( ^ " )  
o
Thus when s e t t i n g  up t h e  g o v e rn in g  e q u i l ib r i u m  e q u a t i o n s , i t  w i l l  
c o n ta in  o n ly  th e  unknown d i s p l a c e m e n ts ,
The m ethod  s o lv e s  th e  n o n - l i n e a r  l o a d /d i s p l a c e m e n t  e q u a t io n s  by  
t r e a t i n g  f i c t i t i o u s  n o d a l  p ro p p in g  f o r c e s ,  w h ich  a r e  a  m easu re  o f  
t h e  d i f f e r e n c e  b e tw e e n  th e  t r u e  and  assum ed  lo a d in g  p a t t e r n s ,  as
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r e s i d u a l s  t o  b e  l i q u i d a t e d  by  r e l a x a t i o n .
The schem e i s  c h a r a c t e r i s e d  by  th e  a d v a n ta g e  t h a t  f o r  any  g e o ­
m e t r i c a l  c o n f i g u r a t i o n s  t h e r e  i s  no  n e e d  t o  d e te rm in e  t h e  i n i t i a l  
sh a p e  o f  t h e  su s p e n d e d  s y s te m , w h ich  may r e q u i r e  e x te n s i v e  t r i a l  
and  e r r o r  c o m p u ta t io n s , The n u m e r ic a l  schem e a d o p te d  f o r  s o lv i n g  
th e  g o v e rn in g  e q u a t io n s  i s  G a u ss -S e id e l’s  i t e r a t i v e  t e c h n iq u e .
F o r f u r t h e r  in f o r m a t io n  c o n c e r n in g  th e  m ethod  o f  a n a l y s i s  and  i t s  
a p p l i c a t i o n  t o  s t r u c t u r a l  n e t s ,  c o n s u l t  R e fe re n c e s  ( 2 5 ) ,  ( 2 7 ) ,
The co m p u te r p ro g ram  u s e d  t o  e x e c u te  t h e  a n a l y s i s  o f  t h e  v a r io u s  
n e tw o rk s  c o n s id e r e d  in  t h i s  i n v e s t i g a t i o n  i s  g iv e n  i n  A ppend ix  (2 )
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4 . 3 ,  D i s c r e t e  A n a ly s is  o f  N e ts  S u b je c te d  t o  B i a x i a l  T e n s io n
A lth o u g h  th e  d i s c r e t e  m ethod  o f  a n a l y s i s  d e v e lo p e d  i s  w e l l  c a p a b le  
o f  a c c o u n t in g  f o r  th e  e f f e c t s  o f  m a t e r i a l  n o n - l i n e a r i t y ,  l i n e a r  
e l a s t i c  m a t e r i a l  b e h a v io u r  was a d o p te d  i n  o r d e r  t o  u se  t h e  r e s u l t s  
o b t a i n e d  fro m  t h i s  d i s c r e t e  a n a l y s i s  t o  e v a lu a te  t h e  r e l i a b i l i t y  
o f  t h e  p ro p o s e d  t h e o r e t i c a l  s o l u t i o n  f o r  n e t s  w i th  f i n i t e  b o u n d a ry ,
4 . 3 , 1 ,  E v a lu a t in g  th e  r e l i a b i l i t y  o f  t h e  t h e o r e t i c a l  
s o l u t i o n  p ro p o s e d
The p ro c e d u r e  a d o p te d  t o  a c h ie v e  t h i s  a im  can  b e  su m m arised  as  
f o l lo w s
(1 )  A h y p o t h e t i c a l  m a t e r i a l  p r o p e r t i e s  w ere  c h o se n  t o  u se  i n  th e  
a n a l y s i s ,
(2 )  F o r  a  c e r t a i n  n e t  c o n f i g u r a t i o n ,  t h e  d i s c r e t e  m ethod  was d e ­
p lo y e d  t o  c a l c u l a t e  th e  v a lu e  o f  t h e  c r i t i c a l  b o u n d a ry  t e n s i o n  
n e c e s s a r y  t o  p ro d u c e  th e  c h o sen  t e n s i l e  b r e a k in g  f o r c e  a t  t h e  
c r a c k  t i p  c a b l e s ,  i . e .  t h e  t e n s i o n  n e c e s s a r y  t o  s t a r t  p r o p a g a ­
t i n g  th e  c r a c k . Then t h e  f r a c t u r e  to u g h n e s s  o f  t h e  n e t  i s  
e v a lu a t e d  by  s u b s t i t u t i n g  in  t h e  p ro p o s e d  e jq ) r e s s io n .
To i n v e s t i g a t e  w h e th e r  o r  n o t  t h e  c a l c u l a t e d  v a lu e  o f  t h e  f r a c t u r e  
t o u g h n e s s ,  f o r  t h i s  s t r u c t u r a l  n e t ,  i s  u n iq u e  and  in d e p e n d e n t  o f  
th e  n e t  s i z e  o r  t h e  c ra c k  l e n g t h ,  th e  d i s c r e t e  a n a l y s i s  was r e p e a t e d  
w h i le  v a r y in g  th e  s i z e  o f  th e  n e t  and  th e  c r a c k  l e n g t h  an d  f o r  e a c h  
c a se  t h e  c o r r e s p o n d in g  v a lu e  f o r  t h e  f r a c t u r e  t o u g h n e s s , a s  p r e ­
d i c t e d  b y  t h e  p ro p o s e d  e x p r e s s i o n ,  was d e te r m in e d .
(1 )  M a te r i a l  p r o p e r t i e s  o f  t h e  c a b le s
A ssum ing l i n e a r  e l a s t i c  p r o p e r t i e s  and  t h a t  t h e  c a b le s  a r e  h o o k ean  
up t o  t h e  c r i t i c a l  b r e a k in g  p o i n t ,  ( i . e .  t h e  p l a s t i c  zone i s  
s u f f i c i e n t l y  s m a l l  enough  t o  b e  n e g l e c t e d ) , The v a lu e  o f  t h e
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e x t e n s i o n a l  s t i f f n e s s  o f  th e  c a b l e s ,  g iv en  a s  f o r c e  u n i t s  f o r  
s i m p l i c i t y ,
AE = 7 f o rc e  u n i t s
In  d e r iv in g  th e  t h e o r e t i c a l  e x p r e s s io n ,  th e  h o r i z o n t a l  movement p a r a l l e l  
t o  th e  c ra c k  was c o n s id e r e d  to  be n e g l i g i b l e .  The v a lu e  o f  t h i s  movement 
i n c r e a s e s  w ith  th e  i n c r e a s e  in  th e  maximum s t r a i n  v a lu e  a t  f a i l u r e .  
A lthough  even  f o r  l i g h t  f a b r i c s  th e  maximum s t r a i n  a t  f a i l u r e  i s  l e s s  
th a n  20%, i t  seem ed a p p r o p r ia t e  t o  a d o p t i n  th e  d i s c r e t e  a n a ly s i s  a  
h ig h  v a lu e  f o r  th e  maximum s t r a i n  t o  show t h a t  ev en  a t  su ch  h ig h  s t r a i n
l e v e l s  th e  a ssu n ç ) tio n  made was j u s t i f i e d .
The v a lu e  o f  th e  t e n s i l e  b r e a k in g  f o rc e  chosen
fy  = 3 .89  f o rc e  u n i t s
assum ed t o  be  th e  f o rc e  in  th e  c ra c k  t i p  c a b le s  a t  w hich th e  c ra c k
s t a r t s  t o  p r o p a g a te . T h is  m eant t h a t  th e  v a lu e  o f  th e  maximum
s t r a i n  in  th e  n e t s  s tu d i e d  i s  a b o u t 55%.
(2 )  E v a lu a t in g  th e  f r a c t u r e  to u g h n e ss  f o r  a 
g iv e n  n e t  c o n f ig u r a t io n  
C o n s id e r  th e  s t r u c t u r a l  n e t  shown in  F ig .  ( 4 . 2 )  w hich  co m p rise  
a  num ber o f  h o r i z o n t a l  l i n k i n g  e le m e n ts  (nhL ) i n t e r s e c t i n g  a  num ber 
o f  v e r t i c a l  l in k in g  e le m e n ts  (nvL) a t  a  f i n i t e  num ber o f  n o d a l  
p o in t s  to  form  a s q u a re  n e t  w ith  a  c ra c k  c e n t r e d  h o r i z o n t a l l y ,  
a s  show n, th e  num ber o f  b ro k en  c a b le s  ( n c )  i s  o n e ,  i . e .  n c  = 1 .
S im u la tin g  th e  lo a d in g  c o n f ig u r a t io n s  a d o p te d  in  th e  m a th e m a tic a l  
m o d e l. F ig . ( 2 , 2 )  i . e .
(1 )  A c o n s ta n t  fo rc e  (F )  p a r a l l e l  to  th e  c ra c k  i s  a p p l i e d  a t  each  
n o d a l  p o in t  a lo n g  th e  two edge c a b le s  w hich  a r e  n o rm a l t o  th e  
c ra c k  l e n g th ,
(2 )  The c ra c k  i s  opened  by an o u tw ard  c o n s ta n t  d is p la c e m e n t  o f  th e  
o th e r  two e d g e s ,  r e s u l t i n g  from  a  v e r t i c a l  w edging  f o r c e  ( f i x e d  
g r ip s  lo a d in g )  e q u a ls  ( F x nvL) ,
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Then u s in g  th e  d i s c r e t e  a n a l y s i s  m ethod  t o  c a l c u l a t e  th e  v a lu e  
o f  t h e  b o u n d a ry  f o r c e  (F )  n e c e s s a r y  t o  p ro d u c e  a  f o r c e  i n  t h e  
c r a c k  t i p  c a b le s  e q u a l  t o  th e  t e n s i l e  b r e a k in g  f o r c e ^ i t  was fo u n d  
t h a t  F = 3 f o r c e  u n i t s  p e r  c a b l e .
The f i n a l  e q u i l ib r i u m  sh a p e  i s  shown in  F ig .  ( 4 , 3 ) .  s u b s t i t u t i n g  
in  t h e  p ro p o s e d  e x p r e s s io n  t o  e v a lu a te  t h e  v a lu e  o f  th e  f r a c t u r e  
to u g h n e s s
"  = I #  ta n h  ( ^ )
/Tgh r 3/7 * 10 1 =
= 2 .1 3 3  f o r c e  u n i t s
r  w X 10________1
I (25 X 7) X 0 . 9 3 5
E f f e c t  o f  n e t  s i z e  on t h e  v a lu e  o f  "y "
F i r s t  t o  i n v e s t i g a t e  t h e  e f f e c t  o f  t h e  n e t  s i z e  on t h e  v a lu e  o f  t h e  
f r a c t u r e  to u g h n e s s ,  t h e  two n e t s  shown i n  F i g s . ( 4 . 4 ) ,  ( 4 . 5 ) ,  w ere  
a n a ly s e d  t o  f i n d  th e  v a lu e  o f  t h e  c r i t i c a l  b o u n d a ry  t e n s i o n ,  u s in g  
s i m i l a r  lo a d in g  c o n f i g u r a t i o n s ,  r e q u i r e d  t o  s t a r t  p r o p a g a t in g  t h e  
c ra c k  .
The v a lu e  o f  th e  c r i t i c a l  f o r c e  f o r  n e t  (2 )  an d  n e t  (3 )  was fo u n d  
t o  b e  " 3 .0 2 "  an d  " 3 .0 8 "  f o r c e  u n i t s ,  and  t h e  f i n a l  e q u i l ib r i u m  
s h a p e s  a r e  shown in  F ig s ,  ( 4 , 6 ) ,  ( 4 , 7 )  r e s p e c t i v e l y ,  w h ich  m eans 
t h a t  ;
f o r  n e t  (2 )
"  ■ [ ; ; ; g s , v T ] '  •  » ■ -
(1 7  X 7) 3 ,0 2  3 , 02  x 1 0 ,2  1
2 7 1 0 ,0 2  [ ( 1 7 x 7 )  X 0 , 9 4  J
2 ,1 2 1  f o r c e  u n i t s
Y =
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f o r  n e t  (3 )
[“ ( 3 . 0 8 / 7 )  X 1 0 ,0 8  1 
[ ( 7 / 1 0 , 0 8 )  X 7 J = 0 ,9 5 5
l i L p l  <
2 , 0 5  f o r c e  u n i t s
[IT X 1 0 ,0 8  1( 9x 7 )  X 0 . 9 5 5 j
C om paring  th e  v a lu e s  o b t a in e d  f o r  " y " ,  i t  becom es o b v io u s  t h a t  th e  
s i z e  o f  t h e  n e t  does n o t  i n f l u e n c e  th e  f r a c t u r e  to u g h n e s s  v a lu e .
E f f e c t  o f  th e  c ra c k  l e n g th  on t h e  v a lu e  o f  "y"
To a s s e s s  t h e  e f f e c t  o f  t h e  c ra c k  l e n g th  on t h e  f r a c t u r e  to u g h n e s s ,  
n e t  (1 )  was a n a ly s e d  v a r y in g  th e  num ber o f  b ro k e n  c a b le s  (n c  = 1 » 5 ) ,  
and  t h e  v a lu e  o f  t h e  c r i t i c a l  b o u n d a ry  f o r c e  i n  e a c h  c a s e  an d  th e  
c o r r e s p o n d in g  f r a c t u r e  to u g h n e s s  v a lu e  w ere  d e te r m in e d .
The f i n a l  e q u i l ib r i u m  s h a p e s  a re  shown i n  F i g s .  ( 4 . 8 )  ( 4 .1 1 )
a n d  t h e  r e s u l t s  o b t a in e d  a r e  g iv e n  i n  T a b le  ( 4 . 1 ) .
The r e l a t i o n  b e tw e en  t h e  f r a c t u r e  to u g h n e s s  a n d  t h e  c ra c k  \ l e n g th  
i s  p l o t t e d  i n  F ig ,  ( 4 , 1 2 ) ,  As s h o u ld  be  e x p e c t e d ,  i t  can  b e  s e e n  
t h a t  w i th  th e  i n c r e a s e  i n  th e  num ber o f  b ro k e n  c a b le s  ( n c ) , t h e  
membrane a n a lo g y  becom es m ore e v i d e n t ,  and  so  t h e  p ro p o s e d  e x p r e s s io n  
f o r  t h e  f r a c t u r e  to u g h n e s s  becom es m ore a c c u r a te  and  assum es a  
c o n s t a n t  v a lu e .
4 , 3 , 2 ,  P r a c t i c a l  a p p l i c a t i o n s  
Recommended t e s t
Now h a v in g  a f f i r m e d  t h e  r e l i a b i l i t y  o f  t h e  p ro p o s e d  e x p r e s s io n  f o r  
th e  f r a c t u r e  to u g h n e s s  and  i t s  a p p l i c a b i l i t y  t o  n e tw o r k s , w i th  i t s  
d i s c r e t e  n a t u r e ,  t h i s  m ean t t h a t  a  t e s t  a p p a r a tu s  w h ich  i s  d e s ig n e d  
t o  s im u la t e  t h e  same b o u n d a ry  c o n d i t io n s  a d o p te d  i n  d e r i v i n g  th e  
p r o p o s e d  e x p r e s s io n  c o u ld  th e n  b e  u s e d  t o  d e te rm in e  t h e  v a lu e  o f
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t h e  f r a c t u r e  to u g h n e s s  f o r  l i ^ t  n e t s  su c h  a s  woven f a b r i c s  w i th  
p l a i n  w e a v e , an d  su c h  a  t e s t  w ou ld  f r e e  t h e  d e s ig n e r  fro m  any 
r e s t r i c t i o n s  c o n c e rn in g  t h e  s i z e  o f  t h e  sp e c im en  t e s t e d  a n d /o r  t h e  
l e n g t h  o f  t h e  c ra c k  i n i t i a t e d ,  an d  w ou ld  i n v o lv e  c a l c u l a t i n g  o n ly  
one v a lu e  f o r  t h e  c r i t i c a l  t e n s i o n  n e c e s s a r y  t o  s t a r t  p r o p a g a t in g  
a  c ra c k  i n  t h e  n e t  u n d e r  c o n s i d e r a t i o n .  Thus know ing  th e  e x t e n s i o n a l  
s t i f f n e s s  f o r  th e  l i n k i n g  e le m e n ts  (AE) a n d  th e  n e t  s p a c in g  in  b o th  
d i r e c t i o n s , t h e  v a lu e  o f  t h e  f r a c t u r e  to u g h n e s s  i s  d e te rm in e d  by  
s u b s t i t u t i n g  i n  t h e  p ro p o s e d  e x p r e s s io n .
The t e s t  i s  s p e c i a l l y  s u i t a b l e  f o r  l i g h t  f a b r i c s  and  g a in s  m ore 
c r e d i t a b i l i t y  from  e x a m in in g  th e  s t r e s s - s t r a i n  c u rv e s  f o r  l i g h t  
f a b r i c s ,  r e p o r t e d  i n  p r e v io u s  w orks p u b l i s h e d  ( 9 ) ,  ( 1 4 ) ,  ( 1 5 ) ,
( 2 8 ) ,  w h ich  show ed a  ro u g h ly  l i n e a r  an d  b r i t t l e  b e h a v io u r ,  th u s  
c o n s id e r a b ly  n a r ro w in g  th e  gap b e tw e en  t h e o r y  a n d  p r a c t i c e , a  f a c t  
t h a t  was c o n f irm e d  by  th e  e x c e l l e n t  c o r r e l a t i o n  b e tw e e n  t h e  p ro p o s e d  
t h e o r e t i c a l  s o l u t i o n ,  f o r  i n f i n i t e  b o u n d a ry , a n d  T o p p in g ’s e x p e r i ­
m e n ta l  w o rk , a s  shown e a r l i e r .
A p p ro x im a te  e v a lu a t i o n  o f  "y"  u s in g  t h e  I n g l i s  a n a l y s i s
\
As f o r  o t h e r  ty p e s  o f  s t r u c t u r a l  n e t s  f o r  w h ich  su c h  t e s t  a p p a r a tu s  
may n o t  b e  p r a c t i c a l ,  a s  i n  t h e  c a s e  o f  h e a v y  n e tw o rk ,  t h e  n e e d  f o r  
an a p p ro x im a te  e v a lu a t i o n  f o r  th e  f r a c t u r e  to u g h n e s s  c o u ld  b e  s a t ­
i s f i e d  t o  a  c e r t a i n  e x t e n t ,  a s su m in g  ho o k ean  c a b le s  up t o  t h e  
b r e a k in g  p o i n t ,  by  m ak ing  f u l l  u se  o f  t h e  f o r e s i g h t  o f f e r e d  from  
th e  I n g l i s  a n a l y s i s  ( 2 0 ) ,  t h a t  i s ,  i n  an e l a s t i c  f i e l d  th e  i n t e n s i t y  
o f  t h e  f i e l d  i s  g o v e rn e d  by  th e  o u t e r  b o u n d a ry  c o n d i t i o n s ,  i , e ,  
a p p l i e d  lo a d in g  c o n f i g u r a t i o n s , w h i le  t h e  d i s t r i b u t i o n  o f  t h e  f i e l d  
i s  g o v e rn e d  b y  th e  i n n e r  b o u n d a ry  c o n d i t i o n s ,  i , e ,  s t r e s s  f r e e  c ra c k  
s u r f a c e s ,  p a r t i c u l a r l y  i n  t h e  v i c i n i t y  o f  t h e  c ra c k  t i p .
T h is  m ean t t h a t  any v a r i a t i o n  i n  t h e  v a lu e  o f  t h e  c a b le   ^s 
e x t e n s i o n a l  s t i f f n e s s  (AE) o r  t h e  c a b le s  s p a c in g  ( L^)  f o r  a  g iv e n  
n e t  s h o u ld  n o t  a f f e c t  t h e  v a lu e  o f  t h e  c r i t i c a l  b o u n d a ry  f o r c e  p e r  
c a b l e ,
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In  o t h e r  w ords th e  n e t  s h o u ld  b e h a v e  a s  an  i s o t r o p i c  m a t e r i a l  and  
th e  s t r e s s  c o n c e n t r a t i o n  f a c t o r  s h o u ld  re m a in  c o n s t a n t  ( i , e ,  i n ­
d e p e n d e n t  o f  t h e  m a t e r i a l  p r o p e r t i e s ) ,  p a r t i c u l a r l y  a t  t h e  v i c i n i t y  
o f  t h e  c ra c k  t i p .
To c h eck  how a c c u r a t e  t h i s  s t a t e m e n t  i s  f o r  s t r u c t u r a l  n e t s  an d  t o  
h a v e  a  b e t t e r  u n d e r s t a n d in g  o f  t h e  way i n  w h ich  th e  s t r e s s e s  a r e  
r e d i s t r i b u t e d  in  a  n e t  a s  a  r e s u l t  o f  c h a n g in g  th e  m a t e r i a l  p r o ­
p e r t i e s  o f  t h e  c a b l e s .  The d i s c r e t e  a n a l y s i s  m ethod  was u s e d  t o  
r e - a n a l y s e  n e t  ( 2 ) ,  m a in ta in in g  th e  same a p p l i e d  lo a d in g  c o n f ig u r a ­
t i o n s  b u t  f o r  an e x t e n s i o n a l  s t i f f n e s s  v a lu e  (AE) d o u b le  t h e  p r e ­
v io u s  one ( i , e ,  AE = 1 4 , 0  f o r c e  u n i t s ) .  F ig u re  ( 4 , 1 3 )  shows th e  
f i n a l  e q u i l i b r i u m  s h a p e .  Then c o m p a rin g  t h e  f o r c e  i n  e a c h  c a b le  
w i th  i t s  c o r r e s p o n d in g  v a l u e ,  i , e ,  f o r  AE = 7 . 0 ,  i t  was fo u n d  t h a t  
i n c r e a s i n g  t h e  e x t e n s i o n a l  s t i f f n e s s  o f  t h e  c a b le s  l e a d  t o  a  r e ­
d u c t io n  i n  t h e  t e n s i l e  f o r c e  i n  t h e  c a b le s  a lo n g  l i n e  C-C , h a v in g  
a  maximum o f  15.6%  i n  c a b le  (1 )  and  g r a d u a l ly  r e a c h in g  a  minimum 
o f  7% a t  c a b le  ( 8 ) ,  In  a d d i t i o n ,  t h e r e  was a  l e s s  s i g n i f i c a n t  
f o r c e  i n c r e a s e  o f  a ro u n d  2.7% i n  c a b le s  ( 9 ) ,  ( 1 0 ) ,  an i n c r e a s e  
w h ich  v a n is h e d  r a p i d l y  away from  th e  c r a c k .  The v a lu e  o f  t h e  c ra c k  
t i p  c a b le  f o r c e  i n  b o th  c a s e s  was i d e n t i c a l , w h i le  e v e ry w h e re  e l s e  
t h e  v a lu e s  o f  t h e  c a b le s  t e n s i o n  re m a in e d  a lm o s t  u n c h a n g e d ,
A s i m i l a r  a n a l y s i s  p r o c e d u r e  t o  i n v e s t i g a t e  th e  e f f e c t  o f  a  change  
in  t h e  n e t  s p a c in g  ( L^)  was n o t  n e c e s s a r y ,  s i n c e  su c h  a  change  i s  
th e  e q u i v a l e n t  t o  a  change  in  t h e  n e t  s c a l e .  T h is  sh o w ed , b ey o n d  
any shadow  o f  d o u b t ,  t h a t ,  f o r  t h i s  lo a d in g  c o n f i g u r a t io n s  a t  l e a s t ,  
t h e  s t r e s s  c o n c e n t r a t i o n  f a c t o r  i s  in d e p e n d e n t  o f  t h e  n e t  s p a c in g  
o r  m a t e r i a l  p r o p e r t i e s ,  i , e .  The r e l a t i o n  b e tw e e n  t h e  c r i t i c a l  
t e n s i o n  p e r  c a b le  a t  t h e  b o u n d a ry  an d  t h e  c ra c k  t i p  s t r e s s  i s  
l i n e a r  f o r  a  g iv e n  n e t  c o n f i g u r a t i o n .  F u r th e r  i n v e s t i g a t i o n s  a lo n g  
t h e s e  l i n e s  f o r  d i f f e r e n t  n e t  s i z e s  w i th  v a r io u s  c ra c k  l e n g t h s  
c o n f irm e d  t h i s  f a c t .
T h is  in d e p e n d e n c e  o f  th e  s t r e s s  c o n c e n t r a t i o n  f a c t o r  m eans t h a t  t h e  
n e e d  f o r  an e q u a t io n  w h ich  g iv e s  an a p p ro x im a te  e v a lu a t i o n  o f  t h e
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f r a c t u r e  to u g h n e s s  w i th o u t  h a v in g  t o  do any  e x p e r im e n ta l  work can  
b e  s a t i s f i e d ,  s i n c e  t h e  o n ly  unknown p a ra m e te r  i n  t h e  p ro p o s e d  
e x p r e s s io n  i s  t h e  v a lu e  o f  t h e  c r i t i c a l  b o u n d a ry  t e n s i o n  w h ich  can  
be  e x p r e s s e d  f o r  a  s t a n d a r d  n e t  i n  te rm s  o f  i t s  s t r e s s  c o n c e n t r a t i o n  
f a c t o r  and  t h e  t e n s i l e  b r e a k in g  f o r c e  o f  t h e  c a b l e s . i , e .  The 
f r a c t u r e  to u g h n e s s  w o u ld  b e  g iv e n  i n  te rm s  o f  t h e  m a t e r i a l  p r o p e r t i e s  
an d  t h e  n e t  s p a c in g  o n ly ,




V = b o u n d a ry  f o r c e  p e r  c a b le  ( v l l  d i r e c t i o n ) / h
s u b s t i t u t i n g  f o r  n e t  (1 )  (n c  = 4) 
w i th  a  = 25 Lq 
b = 2 ,5  h
E = K f y  = | i | |  f y  = 0 .5 2 1 9  fy
Y -  3 .4 0 4  AE+0I 5219 f y  j  0 .4 3 4 9  ( ^  ) j  ' (1 0 )
and  t h i s  e q u a t io n  s h o u ld  g iv e  an a p p ro x im a te  v a lu e  f o r  t h e  f r a c t u r e  
t o u g h n e s s , f o r  n e t s  w i th  f o u r  o r  m ore b ro k e n  c a b l e s , w i th o u t  h a v in g  
t o  do any c ra c k  p r o p a g a t io n  t e s t s ,
S i m i l a r ly  f o r  n e t  ( 1 )  (n c  = 5)
b = 3h , E = f y  = 0 .4 7 6  f y
 ^ = 2-832 [  0-5484 ( § )  ' ]  (11)
T h e o r e t i c a l l y  e i t h e r  o f  t h e s e  e q u a t i o n s , o r  any  o t h e r  e q u a t io n s  
d e v e lo p e d  s i m i l a r l y ,  s h o u ld  g iv e  t h e  same r e s u l t .  T h is  was c h e c k e d  
and  c o n f i rm e d , s p e c i a l l y  f o r  r e l a t i v e l y  s m a l l  s t r a i n s ,  by  p l o t t i n g  
th e  v a lu e  o f  th e  f r a c t u r e  to u g h n e s s  o b ta in e d  u s in g  th e s e  two
80
e q u a t io n s  f o r  d i f f e r e n t  s t r a i n  l e v e l s ,  a s  shown i n  F ig ,  ( 4 , 1 4 ) ,
What i s  a l s o  i n t e r e s t i n g  a b o u t  t h e s e  e q u a t io n s  i s  t h a t  th e y  show 
c l e a r l y  t h a t  t h e  n e t  s p a c in g  h a s  no  e f f e c t  w h a ts o e v e r  on th e  v a lu e  
o f  t h e  f r a c t u r e  t o u g h n e s s , a n d  t h a t  i t s  v a lu e  i s  s o l e l y  d e te rm in e d  
by  th e  m a t e r i a l  p r o p e r t i e s  o f  t h e  c a b l e s ,
The o t h e r  a d v a n ta g e  g a in e d  fro m  t h e  I n g l i s  r e s u l t , i s  t h a t  t h e  i n ­
d ep en d en ce  o f  th e  s t r e s s  c o n c e n t r a t i o n  f a c t o r  can  b e  u s e d  t o  i n ­
v e s t i g a t e  how th e  a c c u r a c y  o f  th e  p ro p o s e d  e x p r e s s io n  may b e  
a f f e c t e d  i f  t h e r e  i s  a  ch an g e  in  t h e  v a lu e  o f  t h e  maximum s t r a i n  
i n  th e  n e t ,  w i th o u t  h a v in g  t o  r e p e a t . t h e  d i s c r e t e  a n a l y s i s  f o r  
t h e s e  new s t r a i n  l e v e l s ,
F o r  n e t  ( 1 ) ,  new v a lu e s  f o r  t h e  f r a c t u r e  to u g h n e s s  w ere c a l c u l a t e d  
u s in g  th e  same s t r e s s  c o n c e n t r a t i o n  f a c t o r s  and  t h e  same v a lu e  f o r  
th e  t e n s i l e  b r e a k in g  f o r c e  an d  an in c r e a s e d  v a lu e  o f  t h e  c a b le s  
e x t e n s i o n a l  s t i f f n e s s  (AE = 14 f o r c e  u n i t s ) ,  t h u s  r e d u c in g  th e  
maximum s t r a i n  i n  t h e  n e t  fro m  55% t o  28%,
The new v a lu e s  f o r  t h e  f r a c t u r e  to u g h n e s s  a r e  g iv e n  i n  T a b le  ( 4 , 2 ) ,  
E x am in in g  t h e  r e s u l t s  shown i n  T a b le s (4-1) , ( 4 . 2 ) ,  i n d i c a t e s  t h a t ,  a s  
e x p e c te d ,  th e  d e c r e a s e  i n  t h e  v a lu e  o f  t h e  maximum s t r a i n  im p ro v ed  
t h e  a c c u ra c y  o f  t h e  p ro p o s e d  f r a c t u r e  to u g h n e s s  e x p r e s s io n  f o r  l e s s  
th a n  t h r e e  c a b le s  b r o k e n .
S o , f o r  th e  c a s e  o f  h e a v y  n e t s , o r  ev e n  l i g h t  n e t s , e q u a t io n s  
s i m i l a r  t o  E q u a t io n  (1 0 )  a n d  (1 1 )  can  be  u s e d  t o  e v a lu a t e  "y"  
r e a s o n a b ly  a c c u r a te  f o r  n e t s  w i th  f o u r  o r  more c a b le s  b r o k e n .  As 
f o r  t h e  c a s e  when t h r e e  o r  l e s s  c a b le s  a r e  b r o k e n ,  th u s  t h e r e  a r e  
tw o o p t io n s  a v a i l a b l e ,  e i t h e r  t o  d e v e lo p  a  s i m i l a r  e q u a t io n  f o r  
e a ch  c a s e  o r  t o  u se  E q u a t io n s  ( 1 0 ) ,  ( 1 1 ) ,  s in c e  i n  p r a c t i c e  su c h  
a  s m a l l  num ber o f  b ro k e n  c a b le s  c o u ld  h a r d ly  b e  o f  i n t e r e s t ,  
e x c e p t  f o r  h ig h  t e n s i l e  s t r e n g t h  c a b le  n e tw o rk s  and  a t  w h ich  c a s e  
th e  s t r a i n s  a r e  v e ry  s m a l l ,  so  th e  a c c u ra c y  o f  t h e  p ro p o s e d  
e x p r e s s io n s  i s  c o n s id e r a b ly  im p ro v e d  f o r  l e s s  th a n  t h r e e  c a b le s  
b r o k e n ,
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4 . 3 , 3 .  D is c u s s io n  an d  c o m p a riso n  w ith  p r e v io u s  work 
H e d g e p e th ’s  s t r e s s  c o n c e n t r a t i o n  f a c t o r  (1 0 )
T he e m erg en ce  o f  t h e  s t r e s s  c o n c e n t r a t i o n  c o n c e p t  i n  t h e  d i s c r e t e  
a n a l y s i s  o f  s t r u c t u r a l  n e t s  i n  th e  f i x e d  g r i p s  lo a d in g  c a s e  
e m p h a s is e d  th e  n e e d  f o r  a  m ore r ig o r o u s  e x a m in a t io n  o f  H e d g e p e th ’s 
s t r e s s  c o n c e n t r a t i o n  f a c t o r ,  i n  o r d e r  t o  i n v e s t i g a t e  i t s  r e l e v a n c e  
a n d  v e r i f y  th e  r e s u l t s  o b t a i n e d  u s in g  t h i s  m e th o d ,
H e d g e p e th  ( 1 0 ) ,  u s in g  s m a l l  d e f l e c t i o n  e l a s t i c i t y  t h e o r y ,  p r e s e n t e d  
a  t h e o r e t i c a l  a n a l y s i s  o f  t h e  s t r e s s  d i s t r i b u t i o n  in  a  s h e e t  o f  
p a r a l l e l  p u r e l y  t e n s i o n - c a r r y i n g  f i l a m e n ts  im bedded  in  a  p u r e ly  
s h e a r - c a r r y i n g  m a t r ix  c o n ta i n in g  a  c ra c k  t r a n s v e r s e  t o  t h e  f i l a ­
m en t d i r e c t i o n ,  an d  s u b j e c t e d  t o  a  u n i a x i a l  u n i fo r m ly  d i s t r i b u t e d  
l o a d i n g  a t  i n f i n i t y .  He u s e d  an i n f l u e n c e  f u n c t i o n  t e c h n iq u e  t o  
s o l v e  a  p a r t i a l - d i f f e r e n t i a l - d i f f e r e n c e  e q u a t i o n , and  c o n c lu d e d  
t h a t  i f  t h e  c r a c k  t r a n s v e r s e s  ’’m’’ c u t  f i l a m e n t s ,  th e n  th e  s t r e s s  
c o n c e n t r a t i o n  f a c t o r  a t  t h e  c ra c k  t i p  f i l a m e n t s  was g iv e n  b y :
K -  ^ 6  8   (2m + 2 )
n " 3 5 7 ..........  (2m + 1)
T o p p in g  ( 1 2 ) ,  a s  m e n tio n e d  e a r l i e r ,  u s in g  S t i r l i n g ’s  a p p ro x im a t io n  
f o r  l a r g e  v a lu e s  o f  "m ", t r a n s f o r m e d  th e  s t r e s s  c o n c e n t r a t io n  
e x p r e s s io n  i n t o
1 1 
^  _ (mm)2 (m t  1 )  ^  (n m )^
n  2m + 1 m » 2
a n d  when he  com pared  t h e  e x p e r im e n ta l  v a lu e s  o f  t h e  b u r s t  s t r e n g t h  
o f  l o n g i t u d i n a l l y  s l i t  p r e s s u r i s e d  f a b r i c  c y l i n d e r s  w i th  H e d g e p e th ’ s 
p r e d i c t e d  v a l u e s ,  h e  fo u n d  t h a t  t h e  l a t t e r  a r e  o n ly  2 /3  o f  th e  
e ) g e r i m e n t a l  v a l u e s ,
T he a rg u m e n t s u g g e s t in g  t h a t  t h i s  may be  a t t r i b u t e d  t o  an un ­
s a t i s f i e d  i n f i n i t e  b o u n d a ry  c o n d i t io n s  i s  r e a l l y  n o t  f o u n d e d , 
b e c a u s e  i f  t h a t  was t h e  c a s e  th e n  f o r  r e l a t i v e l y  s m a l l  c r a c k s  th e  
p r e d i c t e d  H ed g ep e th  v a lu e s  s h o u ld  b e  e x p e c te d  t o  show some te n d e n c y
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to w a rd  t h e  c o r r e c t  v a l u e s ,  w h ich  i s  n o t  t h e  c a s e  a s  can  b e  s e e n  
from  F ig s ,  ( 4 , 1 5 a , b , c ) .  B e s i d e s ,  s i m i l a r  r e s u l t s  were, r e p o r t e d  i n  
(1 4 )  e x p e r im e n ta l  w o rk . He t e s t e d  f l a t  c o a te d  n y lo n  f a b r i c s  
u s in g  a  c lo s e d - lo o p e d ,  s e r v o - c o n t r o l l e d  h y d r a u l i c  l o a d  f ra m e , an d  
fo u n d  t h a t  t h e  t e s t  sp e c im e n s  show ed lo w e r  l e v e l s  o f  s t r e s s  co n ­
c e n t r a t i o n s  th a n  t h a t  p r e d i c t e d  b y  H e d g e p e th ’s  t h e o r y .  Y e t when 
Z e n d e r  and  D eaton  (2 8 )  com pared  H e d g e p e th ’s  th e o r y  w i th  u n i a x i a l  
t e s t s  o f  D acron  c o rd s  i n  a u r e th a n e  m a t r i x ,  th e y  fo u n d  t h a t  th e  
r e s u l t s  w ere  i n  f a v o u r a b le  a g re e m e n t w i th  th e  t h e o r e t i c a l  v a lu e s  
b u t  becam e i n c r e a s i n g l y  c o n s e r v a t iv e  w i th  t h e  i n c r e a s i n g  num ber o f  
t h r e a d s  c u t .
A l l  t h e s e  f a c t s  and  o b s e r v a t io n s  can  b e  s im p ly  e x p la in e d  on th e  
l i g h t  o f  t h e  t h e o r e t i c a l  s o l u t i o n  p ro p o s e d  in  t h i s  t h e s i s  a s  
f o l l o w s .
( 1 )  T o p p in g ’s  w ork and  H e d g e p e th ’ s th e o r y
H e d g e p e th ’s  t h e o r y  can  b e  w r i t t e n  i n  te rm s  o f  t h e  s l i t  l e n g th  
s in c e  m = c&, a s
2 Fy 
fy  = --------- 1
( m c & ) 2  \
an d  f o i /  a  g iv e n  f a b r i c ,  c  and  Fy a r e  c o n s t a n t s ,  so  i t  can b e  s e e n  
t h a t  H e d g e p e th ’ s  t h e o r y  r e d u c e s  t o  G r i f f i t h ’s o r i g i n a l  t h e o r y ,  an d  
i n  o t h e r  w ords i t  r e d u c e s  t o  a  r e l a t i o n  s i m i l a r  t o  t h a t  p r o p o s e d  i n  
t h e  p r e s e n t  w ork f o r  t h e  c a s e  o f  a  c o a te d  f a b r i c  w i th  i n f i n i t e  
b o u n d a ry  u n d e r  u n i a x i a l  s t r e s s  f i e l d .  B u t i n  T o p p in g ’s e x p e r im e n ta l  
w ork th e  s t r e s s  f i e l d  was b i a x i a l ,  an d  on t h e  l i g h t  o f  t h e  p r e s e n t  
work i t  can b e  u n d e r s to o d  why As a  r e s u l t  o f  t h e  t r a n s v e r s e  t e n s i o n ,  
t h e  b u r s t  s t r e n g t h s  p r e d i c t e d  by  H e d g e p e th ’ s  t h e o r y  w ere  l e s s  th a n  
th e  e x p e r im e n ta l  v a l u e s , an d  th e  f a c t  t h a t  t h e  p r e d i c t e d  v a lu e s  
w ere a b o u t  2 /3  o f  t h e  e x p e r im e n ta l  v a lu e s  f o r  a l l  s p e c im e n s ,  does 
show c o n s i s t e n c y  w ith  t h e  r e l a t i o n  p ro p o s e d  i n  F ig ,  ( 3 , 4 ) ,
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(2). Z e n d e r and  D e a to n ’s work (2  8) an d  H e d g e p e th ’s  th e o r y  
When Z e n d e r an d  D eaton  com pared  H e d g e p e th ’s  t h e o r y  w i th  u n i a x i a l  
t e s t s ,  o f  D acron  c o rd s  i n  a  u r e th a n e  m a t r ix ,  th e y  w ere  c o m p a rin g  
th e  e x p e r im e n ta l  r e s u l t s  w i th  a  s i m i l a r  r e l a t i o n  t o  t h e  one p r o ­
p o s e d  i n  th e  p r e s e n t  work f o r  c o a te d  f a b r i c s  s u b je c t e d  t o  a  u n i a x i a l  
s t r e s s  f i e l d ,  th u s  c o n f i rm in g  i t s  v a l i d i t y .
The r e a s o n  th e y  fo u n d  H e d g e p e th ’s  t h e o r y  b ecom ing  i n c r e a s i n g l y  co n ­
s e r v a t i v e  w i th  t h e  i n c r e a s i n g  num ber o f  t h r e a d s  c u t ,  can  b e  e x ­
p l a i n e d  by  th e  f a c t  t h a t  a s  t h e  c ra c k  l e n g th  i n c r e a s e d  th e  a s su m p tio n  
o f  i n f i n i t e  b o u n d a ry  c o n d i t io n s  becam e i n c r e a s i n g l y  l e s s  s a t i s f i e d  
an d  t h a t  t h e  H e d g e p e th  t h e o r y ,  u n l ik e  t h e  p ro p o s e d  r e l a t i o n ,  
n e g l e c t e d  th e  n o n - l i n e a r  g e o m e tr ic  e f f e c t s .  B ecau se  t h e  th e o r y  
assum ed  s m a l l - d e f l e e t i o n s  a n d . t h i s  m eans t h a t  t h e  g eo m e try  o f  t h e  
l i n k i n g  e le m e n ts  re m a in s  b a s i c a l l y  u n ch an g ed  d u r in g  th e  lo a d in g  
p r o c e s s ,  an d  t h a t  i n f i n i t e s i m a l  s t r a i n  a p p ro x im a t io n s  can  b e  u s e d .  
T h is  r e a l l y  i s  n o t  an  a c c u r a te  r e p r e s e n t a t i o n ,  s p e c i a l l y  f o r  l a r g e  
n u m b ers  o f  t h r e a d s  c u t ,  a s  shown from  t h e  d i s c r e t e  a n a l y s i s  r e s u l t s ,  
and  ev e n  th o u g h  th e  s t r a i n s  may b e  s m a l l ,  l a r g e  d is p la c e m e n ts  i n  
s t r u c t u r a l  n e t s  a r i s e  m a in ly  a s  a  r e s u l t  o f  l a r g e  r o t a t i o n s  r a t h e r  
th a n  h ig h  s t r a i n s , an d  t h e  H ed g e p e th  m odel does n o t  a l lo w  f o r  su c h  
r o t a t i o n s . \
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4 . 4 .  D i s c r e t e  A n a ly s is  f o r  N e ts  S u b je c te d  t o  U n ia x ia l  T e n s io n
H av in g  d e p lo y e d  th e  d i s c r e t e  a n a l y s i s  m ethod  t o  c o n f irm  th e  v a l i d i t y  
o f  t h e  m a th e m a t ic a l  s o l u t i o n  d e v e lo p e d  f o r  s t r u c t u r a l  n e t s  u n d e r  
b i a x i a l  t e n s i o n ,  th e  w ork was e x te n d e d  t o  i n v e s t i g a t e ,  u s in g  th e  
same d i s c r e t e  m e th o d , some a s p e c t s  o f  c ra c k  p r o p a g a t io n  i n  u n c o a te d  
n e t s  s u b j e c t e d  t o  u n i a x i a l  t e n s i o n ,  and  f o r  w h ich  no  s i m i l a r  m a th e ­
m a t i c a l  t r e a tm e n t  i s  a v a i l a b l e , I n  o r d e r  t o  h a v e  a  c l e a r e r  p i c t u r e  
a n d  a  b e t t e r  u n d e r s t a n d in g  o f  t h e  e f f e c t  w h ich  su c h  a  change  in  
l o a d in g  c o n d i t io n s  hav e  on th e  c ra c k  p r o p a g a t io n  b e h a v io u r ,  t h e  
i n v e s t i g a t i o n ,  was c o n d u c te d  on t h e  same n e t  c o n f i g u r a t i o n s .  N e t ( 1 ) ,  
a d o p t in g  t h e  same h y p o t h e t i c a l  c a b le  m a t e r i a l ,  was s t u d i e d  f o r  
v a r io u s  c r a c k  l e n g th s  ( n c  = 1 5) t o  d e te rm in e  t h e  n e c e s s a r y  u n i ­
a x i a l  f o r c e ,  f i x e d  g r ip s  l o a d i n g ,  r e q u i r e d  t o  s t a r t  p r o p a g a t in g  a  
c r a c k .  The f i n a l  e q u i l i b r i u m  s h a p e s  a r e  shown in  F ig s .  ( 4 .1 6 )  t o  
( 4 . 2 0 ) .
In  g e n e r a l  t h e  s t r e s s  d i s t r i b u t i o n  i n  a l l  c a s e s  show ed t h a t  t h e  l a c k  
o f  any s h e a r  s t i f f n e s s  l e a d  t o  t h e  s la c k e n in g  o f  t h e  t r a n s v e r s e  c a b le s  
e x c e p t  a t  t h e  v i c i n i t y  o f  t h e  c r a c k ,  i . e .  a t  t h e  c ra c k  l e v e l  and  t h e  
a d j a c e n t  tw o o r  t h r e e  c a b le  l i n e s ,  w h i le  e v e ry w h e re  e l s e  t h e  a p p l i e d  
u n i a x i a l  f o r c e  i s  a lm o s t  s o l e l y  r e s i s t e d  by  th e  i n i t i a l l y  v e r t i c a l  
c a b l e s .
I t  was i n t e r e s t i n g  t o  f i n d  t h a t  f o r  a  g iv e n  n e t  t h e  c o n c e p t  o f  a  
s t r e s s  c o n c e n t r a t i o n  f a c t o r  r e l a t i n g  th e  v a lu e  o f  t h e  b o u n d a ry  f o r c e  
t o  t h a t  o f  t h e  c ra c k  t i p  c a b le s  i s  v e ry  s u s p e c t  and  i n c o n s i s t e n t  
s p e c i a l l y  f o r  i n c r e a s i n g l y  l a r g e  m a r g in a l  d i f f e r e n c e s  b e tw e e n  
b o u n d a ry  f o r c e  v a l u e s ,  c o n t r a r y  t o  t h a t  i n  a  b i a x i a l  s t r e s s  f i e l d .
T h is  i s  p r o b a b ly  due t o  t h e  f a c t , t h a t  a s  t h e  v a lu e  o f  b o u n d a ry  
f o r c e  i n c r e a s e s  t h e  c o n t r i b u t i o n  o f  t h e  t r a n s v e r s e  c a b le s  i n  c a r r y in g  
lo a d  i n c r e a s e s  i n  b o th  num ber a n d  m a g n i tu d e , th u s  a l t e r i n g  th e  s t r e s s  
d i s t r i b u t i o n  i n  t h e  n e t .
F ig ,  ( 4 , 2 1 )  show s th e  r e l a t i o n  o b ta in e d  b e tw e en  th e  i n i t i a l  c ra c k  
l e n g th  ( b g )  a n d  th e  c r i t i c a l  b o u n d a ry  f o r c e  p e r  c a b l e ,  an d  i t  was 
fo u n d  t h a t ,  f o r  n e t  (1 )  i n  t h e  ra n g e  o f  c ra c k  l e n g t h s  s t u d i e d ,  t h a t  
t h i s  r e l a t i o n  c o u ld  b e  e x p r e s s e d  a s  :
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6 . 20  
F -   --------
( b ) 0 ' 4
i . e .  F ( b ) 0 ' 4  = c o n s t a n t .
T ab le(4 -3 ) shows a  c o m p a riso n  b e tw e en  t h e  v a lu e s  o f  t h e  c r i t i c a l  
b o u n d a ry  f o r c e  p e r  c a b l e , f o r  v a r io u s  num bers o f  b ro k e n  c a b le s  
u n d e r  b o th  b i a x i a l  and  u n i a x i a l  s t r e s s  f i e l d s ,  I t  can  a l s o  b e  s e e n ,  
c o n t r a r y  t o  w h a t i s  u s u a l l y  a ssu m e d , t h a t  a f t e r  a  c e r t a i n  c ra c k  
l e n g t h  t h e  b i a x i a l  s t r e s s  f i e l d  becom es m ore d e t r i m e n t a l  t o  s t r u c t ­
u r a l  n e t s .
4 . 4 . 1 .  The e f f e c t  o f  t h e  n e t  l e n g th  an d  w id th
The i n f l u e n c e  o f  t h e  w id th  a n d  l e n g th  o f  t h e  n e t , com pared  w i th  t h e  
c ra c k  l e n g t h ,  on t h e  v a lu e  o f  t h e  u n i a x i a l  b o u n d a ry  f o r c e  w ere  a l s o  
i n v e s t i g a t e d .
F i r s t ,  t o  a s s e s s  th e  i n f l u e n c e  o f  t h e  n e t  w id th ,  n e t  (3 )  was a n a ly s e d
h a v in g  a  c o n s t a n t  c ra c k  l e n g th  (n c  = 5 )  f o r  v a r io u s  w id th s
(nvL = 7 2 5 ) .  The r e s u l t s ,  p l o t t e d  i n  F ig ,  ( 4 , 2 2 ) ,  i n d i c a t e s  t h a t
f o r  a  g iv e n  c ra c k  l e n g th  a s  t h e  n e t  w id th  d e c r e a s e s ,  t h e  u n i a x i a l  f o r c e  p e r
c a b le  r e q u i r e d  t o  s t a r t  p r o p a g a t in g  th e  c ra c k  i n c r e a s e s  s l i g h t l y  an d
g r a d u a l ly  t o  a  maximum v a l u e , w h ich  o c c u rs  when t h e r e  i s  o n ly  one
c a b l e ,  a t  e a c h  c ra c k  t i p ,  r e s i s t i n g  th e  a p p l i e d  f o r c e .  When t h i s
l a s t  c a b le  i s  b r o k e n ,  t h e  r e q u i r e d  f o r c e  d ro p s  s h a r p ly  t o  z e r o .
T h is  b e h a v io u r  i s  d i f f e r e n t  from  t h a t  r e p o r t e d  by  R acah ( 1 5 ) ,  who 
i n d i c a t e d  a  g r a d u a l  d e c r e a s e  i n  th e  v a lu e  o f  t h e  b o u n d a ry  f o r c e  
u n t i l  i t  r e a c h e s  z e r o .
To e v a lu a te  t h e  e f f e c t  o f  th e  n e t  l e n g t h ,  a  s i m i l a r  a n a l y s i s  was 
c o n d u c te d  on n e t  ( 1 ) ,  w i th  f i v e  c a b le s  b r o k e n ,  w h i le  v a r y in g  t h e  n e t  
l e n g th  (nhL  = 4 ^  2 6 ) ,  The r e s u l t s  a r e  p l o t t e d  i n  F ig ,  ( 4 , 2 3 )  an d  
i t  shows t h a t  f o r  t h e  same c ra c k  l e n g t h  any  s l i g h t  change  i n  th e  
l e n g th  o f  t h e  n e t  d r a s t i c a l l y  a l t e r s  t h e  v a lu e  o f  t h e  u n i a x i a l  
b o u n d a ry  f o r c e  r e q u i r e d .  T h is  e f f e c t  i s  s i m i l a r  t o  w h a t R acah 
fo u n d  e x p e r im e n ta l l y  f o r  c o a te d  f a b r i c s .
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V : F o rc e  p e r  c a b le
n e Vo
( f o r c e  u n i t )
Y
( f o r c e  u n i t )
1 3 .0 2 .1 3 3
2 2 . 5 2 2 .5 3 7
3 2 . 2 1 2 .7 8 2
4 2 .0 3 2 .9 9 6
5 1 .8 5 3 .02
T a b le  (4 ,1 )
n e Vo
( f o r c e  u n i t )
Y
( f o r c e  u n i t )
1 3 .0 1 .7 5 4
2 2 .5 2 2 .0 0 5
3 2 . 2 1 2 .1 0 8 4
4 2 .0 3 2 .1 7 8
5 1 .8 5 2 .0 9 6
T ab le  (4 .2 )
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ne
Vq ( f o r c e  u n i t s )
U n ia x ia l B i a x i a l
1 2 .8 5 3 .0
2 2 . 3 7 2 . 5 2
3 2 .1 5 2 . 2 1
4 2 . 0 3 2 .0 1
5 1 .9 7 5 1 .8 5











26 L = 70
F I G ( 4  2)
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FIG (4 - 3 )
nvl  = 9 
nhl =  18 
ncs  1
Lo = 7
F I G ( 4 - 4 )
nvl s 9 
n h l :  10 
nc:  1
F I G ( 4 - 5 )
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THE EFFECT OF JOINT SLIPPING ON THE CRACK 
PROPAGATION BEHAVIOUR OF STRUCTURAL NETS
5 .1 .  I n t r o d u c t io n
In  c a b le  n e tw o rk s ,  t h e  n e t  i s  h e ld  t o g e t h e r  by f r i c t i o n  g r ip s  o r  
clam ps a p p l i e d  a t  th e  n o d a l  p o i n t s .  F ig .  ( 5 .1 )  shows t y p i c a l  
clam p a rra n g e m e n ts  ( 3 1 ) .
I d e a l l y ,  th e  s t r e s s e s  i n  a  s t r u c t u r a l  n e t  s h o u ld  b e  e v e n ly  d i s t r i ­
b u t e d ,  b u t  i n  s i t u a t i o n s  w here a  s t r e s s  c o n c e n t r a t io n  r e g io n  o c c u rs  
in  th e  n e t  and  i f  as  a  r e s u l t ,  th e  d i f f e r e n c e  be tw een  th e  c a b l e 's  
t e n s i l e  f o r c e  on b o th  s id e s  o f  a  clam p e x c e e d s  th e  v a lu e  o f  th e  f r i c t i o n  
f o r c e ,  th e n  th e  clam p w i l l  s lid e  a lo n g  th e  c a b le  r e l e a s i n g  th e  e x c e s s  
fo rc e  u n t i l  an e q u i l ib r iu m  s t a t e  i s  a c h ie v e d . S o , j o i n t  s l i p p i n g  
s im p ly  means r e l a x i n g  th e  h ig h  s t r e s s e s  in  one c a b le  by s h a r in g  i t  
w ith  o th e r  a d jo in in g  c a b le s .
The r e le v a n c e  o f  j o i n t  s l i p p i n g  to  th e  p ro b lem  o f  c ra c k  p r o p a g a t io n  
in  s t r u c t u r a l  n e t s  i s  q u i t e  o b v io u s ,  and w ith  th e  p re s e n c e  o f  a  h i ^ i  
s t r e s s  c o n c e n t r a t io n  r e g io n  a ro u n d  th e  c ra c k  t i p ,  an e f f i c i e n t  d e s ig n  
o f  th e  clam ps a l lo w in g  a c o n t r o l l e d  amount o f  j o i n t  s l i p p i n g  a t  h i ^  
l e v e l s  o f  s t r e s s  c o n c e n t r a t io n  c o u ld  mean th e  d i f f e r e n c e  be tw een  a 
c ra c k  p ro p a g a t in g  o r  n o t .  A ls o ,  s in c e  e x p e r im e n ta l  work (7 )  showed 
t h a t  in  some c a s e s  c o a t in g  o f  woven f a b r i c  n e t s  h ad  a d e t r im e n ta l  
e f f e c t  on i t s  r e s i s t a n c e  t o  c ra c k  p r o p a g a t io n ,  i t  i s  im p o r ta n t  t o  
have a  b e t t e r  u n d e r s ta n d in g  o f  t h e  consequence  o f  j o i n t  s l i p p i n g ,  t o  
be  a b le  t o  a s s e s s  how much o f  t h i s  d e t r im e n ta l  e f f e c t  i s  a t t r i b u t e d  
t o  th e  p r e v e n t io n  o f  t h e  s l i p p i n g  by c o a t in g .
I l l
5 .2 .  F a c to r s  A f f e c t in g  t h e  V alue o f  t h e  S l ip p i n g  F o rc e
A b i a x i a l  s t r e s s  f i e l d ,  t h e  f i x e d  g r i p s  lo a d in g  c a s e ,w a s  a d o p te d  
i n  s tu d y in g  th e  e f f e c t  o f  j o i n t  s l i p p i n g  on th e  c ra c k  p r o p a g a t io n  
b e h a v io u r .  As a  r e s u l t  o f  t h e  d i s c r e t e  a n a l y s i s  w ork c o n d u c te d  in  
t h e  p r e v io u s  c h a p te r  f o r  a  b i a x i a l  s t r e s s  f i e l d ,  t h e  m ain  f a c t o r s  
w h ich  a f f e c t  t h e  v a lu e  o f  t h e  maximum s l i p p i n g  f o r c e  a t  t h e  c ra c k  
t i p  r e g io n  c o u ld  b e  su m m a rise d  a s  f o l l o w s .
( 1 )  The b o u n d a ry  f o r c e
As th e  v a lu e  o f  t h e  b o u n d a ry  f o r c e  i n c r e a s e s , b o th  t h e  c ra c k  t i p  
f o r c e  an d  th e  s l i p p i n g  f o r c e  i n c r e a s e ,  and  w h i le  th e  v a lu e  o f  t h e  
c ra c k  t i p  f o r c e  was fo u n d  t o  b e  p r o p o r t i o n a l  t o  t h e  v a lu e  o f  t h e  
i n i t i a l  b o u n d a ry  f o r c e  p e r  c a b l e , t h e  s l i p p i n g  f o r c e  i n c r e a s e d  
r a t h e r  more r a p i d l y ,  i . e .  The r a t i o  o f  t h e  s l i p p i n g  f o r c e  t o  th e  
c ra c k  t i p  f o r c e  i n c r e a s e d .
n c
I n i t i a l  B oundary  F o rc e  
P e r  c a b le  
( f o r c e  u n i t s )
C rack  T ip  
F o rce
Maximum
S l ip p i n g
F o rc e
1 3 .0 3 .8 9 0 .7 2
2 2 .5 2 3 .8 9 0 ,9 5
1 ^ 2 .2 1 3 .8 9 1 .0 9
4 2 .0 3 3 .8 9 1 .1 5
5 1 .8 5 3 .8 9 1 .1 7
TABLE ( 5 .1 )
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(2 )  The c ra c k  l e n g th
From th e  d i s c r e t e  a n a l y s i s  o f  n e t  ( 1 ) ,  f o r  v a r io u s  c ra c k  l e n g t h s ,  
T a b le  ( 5 ,1 )  show s t h a t  a s  th e  c ra c k  l e n g t h  i n c r e a s e s  th e  v a lu e  o f  
t h e  s l i p p i n g  f o r c e  i n c r e a s e s ,  th o u g h  w ith  a  s lo w in g  r a t e .
(3 )  The e x t e n s i o n a l  s t i f f n e s s  o f  th e  c a b le s
F o r a  g iv e n  n e t  c o n f i g u r a t i o n ,  m a in ta in in g  th e  same num ber o f  
b ro k e n  c a b le s  an d  t h e  same b o u n d a ry  f o r c e ,  an  i n c r e a s e  i n  t h e  v a lu e  
o f  th e  c a b l e 's  e x t e n s i o n a l  s t i f f n e s s  l e a d s  t o  a  r e d u c t io n  i n  t h e  
v a lu e  o f  t h e  s l i p p i n g  f o r c e .
(4 )  N e t l e n g th
C om paring  th e  v a lu e  o f  t h e  maximum s l i p p i n g  f o r c e  o b ta in e d  from  
th e  d i s c r e t e  a n a l y s i s  o f  n e t  (1 )  an d  n e t  ( 3 ) ,  w i th  one c a b le  
b r o k e n , show ed a  2% i n c r e a s e  a s  a  r e s u l t  o f  r e d u c in g  th e  n e t  l e n g t h ,
i . e .  an i n c r e a s e  i n  t h e  n e t  l e n g t h  m eans t h a t  t h e  b o u n d a ry  f o r c e  
r e q u i r e d  t o  a c h ie v e  th e  same c ra c k  t i p  f o r c e  i s  r e d u c e d .  T h is  
r e d u c t io n  r e s u l t s  i n  a  d e c r e a s e  i n  t h e  v a lu e  o f  t h e  maximum 
s l i p p i n g  f o r c e .
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5 . 3 ,  M ethod o f  E v a lu a t io n
The p r o c e d u re  a d o p te d  t o  e v a lu a t e  th e  e f f e c t  o f  j o i n t  s l i p p i n g  on 
t h e  c ra c k  p r o p a g a t io n  b e h a v io u r  i s  a s  f o l l o w s ,
1 .  F o r a  g iv e n  m a t e r i a l  p r o p e r t i e s  a n d  n e t  c o n f i g u r a t i o n ,  t h e  d i s ­
c r e t e  a n a l y s i s  m ethod  (A p p e n d ix  (3 )  i s  d e p lo y e d  t o  c a l c u l a t e  
th e  s t r e s s  d i s t r i b u t i o n  and  t h e  f i n a l  e q u i l i b r i u m  sh a p e  f o r  th e  
n e t  u n d e r  th e  e f f e c t  o f  a  b i a x i a l  f i e l d  ( f i x e d  g r i p s  l o a d in g )  
w i th o u t  a l lo w in g  j o i n t  s l i p p i n g ,
2 .  A c o m p u te r  p ro g ra m  w as d e v e lo p e d  t o  ch eck  t h a t  f o r  t h e  e q u i l i b r i u m  
s t a t e  o b t a i n e d ,  t h e  maximum s l i p p i n g  f o r c e  a t  e v e ry  n o d a l  p o i n t
i s  l e s s  t i ia n  a  s p e c i f i e d  v a lu e  f o r  t h e  f r i c t i o n  f o r c e .  When t h i s  
i s  t r u e ,  th e n  t h e  e q u i l i b r i u m  s t a t e  a c h ie v e d  i s  v a l i d  an d  f i n a l .
B u t ,  i f  t h e  v a lu e  o f  t h e  s l i p p i n g  f o r c e  a t  any  n o d e  e x c e e d s  t h e  
s p e c i f i e d  l i m i t  t h i s  m eans t h a t  t h e  node w i l l  s l i p , an d  an i t e r a t i v e  
t e c h n iq u e  i s  th e n  u s e d  t o  c a l c u l a t e  th e  am ount o f  s l i p p i n g  n e c e s s a r y  
t o  o b t a in  a  s t a t e  o f  e q u i l i b r i u m  a t  t h i s  n o d e ,  su c h  t h a t  t h e  v a lu e  
o f  t h e  s l i p p i n g  f o r c e  e q u a ls  t h e  s p e c i f i e d  l i m i t ,
3 . Then th e  d i s c r e t e  a n a l y s i s  m ethod  i s  d e p lo y e d  a g a in  t o  c a l c u l a t e
\
t h e  new s t r e s s  d i s t r i b u t i o n  an d  e q u i l ib r i u m  s h a p e ,
4 . The p r o c e s s  i s  r e p e a t e d  u n t i l  an e q u i l i b r i u m  s t a t e  i s  a c h ie v e d
w h ich  s a t i s f i e s  t h e  f o l lo w in g  tw o c o n d i t i o n s :
( i )  A t t h e  n o d a l  p o i n t s  w h ich  d id  n o t  s l i p ,  t h e  v a lu e  o f  th e  
s l i p p i n g  f o r c e  s h o u ld  b e  l e s s  o r  e q u a l  t o  t h e  s p e c i f i e d  
v a lu e  o f  t h e  f r i c t i o n  f o r c e ,
( i i )  A t n o d a l  p o i n t s  w here  s l i p p i n g  o c c u r r e d ,  t h e  v a lu e  o f  t h e
s l i p p i n g  f o r c e  m u st b e  e q u a l  t o  t h e  s p e c i f i e d  v a lu e  o f  t h e  
f r i c t i o n  f o r c e ,
5 . The e f f e c t  o f  j o i n t  s l i p p i n g  i s  e v a lu a te d  b y  co m p a rin g  th e  s t r e s s  
d i s t r i b u t i o n  i n  t h e  tw o e q u i l ib r i u m  s t a t e s  o b t a in e d  w i th  an d  w i th o u t  
j o i n t  s l i p p i n g ,  a n d  s p e c i a l l y  t h e  v a lu e  o f  t h e  c ra c k  t i p  f o r c e .
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5 .4 .  P r e s e n t a t i o n  o f  t h e  Work Done
The w ork done t o  e v a l u a t e  t h e  e f f e c t  o f  j o i n t  s l i p p i n g  on t h e  c ra c k  
p r o p a g a t io n  b e h a v io u r  i s  p r e s e n t e d  u n d e r  t h r e e  m ain  h e a d i n g s ,
( i )  D e s c r i p t io n  o f  t h e  n e t  c o n f i g u r a t io n s  s t u d i e d  f o r  
j o i n t  s l i p p i n g  a n d  t h e  p r o c e d u r e  a d o p te d ,
( i i )  P r e s e n t a t i o n  o f  some a n a l y s i s  sa m p le s  t o  i l l u s t r a t e  
th e  d i f f e r e n t  j o i n t  s l i p p i n g  p a t t e r n s  e n c o u n te r e d .
( i i i )  D e t a i l e d  r e s u l t s  an d  an o v e r a l l  a s s e s s m e n t  o f  th e  
e f f e c t  o f  j o i n t  s l i p p i n g  on th e  c ra c k  p r o p a g a t io n  
b e h a v i o u r ,
5 . 4 , 1 .  D e s c r ip t io n  o f  n e t  c o n f i g u r a t io n s  s t u d i e d  
a n d  th e  p r o c e d u r e  a d o p te d
The e f f e c t  o f  t h e  d i f f e r e n t  f a c t o r s  on t h e  v a lu e  o f  t h e  s l i p p i n g  
f o r c e ,  o u t l i n e d  e a r l i e r ,  o f f e r e d  some g u id e  l i n e s  c o n c e r n in g  th e  
c h o ic e  o f  th e  c a b le  p r o p e r t i e s  and  t h e  n e t  c o n f i g u r a t io n s  t o  p u t  
m ore e n p h a s i s  on j o i n t  s l i p p i n g ,  e . g .  C h o o sin g  low  e x t e n s i o n a l  
s t i f f n e s s  and  s m a l l e r  n e t  l e n g t h  i n c r e a s e s  t h e  s l i p p i n g  f o r c e  v a lu e .  
S o , th e ^ v a lu e  o f  t h e  c a b l e 's  e x t e n s i o n a l  s t i f f n e s s  u s e d  was AE = 7
f o r c e  u n i t s ,  a n d  f o r  d i f f e r e n t  f r i c t i o n  f o r c e  v a l u e s ,  t h e  j o i n t
s l i p p i n g  a n a l y s i s  was c a r r i e d  o u t  on t h e  n e t  c o n f i g u r a t io n  shown in  
r i g .  ( 5 . 2 ) ,  f o r  v a r io u s  c ra c k  l e n g t h s .
I n  a l l  c a s e s  s t u d i e d  t h e  n e t  was s u b je c t e d  t o  a  b i a x i a l  s t r e s s  f i e l d
( f i x e d  g r ip s  l o a d in g  c a s e )  c r e a t e d  b y :
( i )  A c o n s t a n t  f o r c e  (3  f o r c e  u n i t s )  p a r a l l e l  t o  t h e  c ra c k  
i s  a p p l i e d  a t  e a c h  n o d a l  p o i n t  a lo n g  th e  tw o ed g e  c a b le s  
w h ich  a r e  n o rm a l t o  t h e  c r a c k ,
( i i )  An o u tw a rd  c o n s ta n t  d i s p la c e m e n t  o f  t h e  o t h e r  tw o e d g e s ,  
r e s u l t i n g  fro m  a  v e r t i c a l  w ed g in g  f o r c e  (3  f o r c e  u n i t s
X n v L ) ,
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The a n a l y s i s  p r o c e d u r e  a d o p te d  c o u ld  b e  su m m a rise d  a s  f o l lo w s  ;
( i )  A s s ig n in g  a  v a lu e  f o r  t h e  f r i c t i o n  f o r c e
F i r s t  f o r  one c a b le  b r o k e n ,  t h e  d i s c r e t e  a n a l y s i s  
m ethod  was u s e d  t o  c a l c u l a t e  t h e  s t r e s s  d i s t r i b u t i o n  
a t  e q u i l i b r i u m  w i th o u t  a l lo w in g  j o i n t  s l i p p i n g ,  and  
t h e  v a lu e  o f  t h e  maximum s l i p p i n g  f o r c e , l o c a t e d  a t  
t h e  c ra c k  t i p  r e g i o n ,  was d e te r m in e d .  T h is  v a lu e  was 
ta k e n  t o  r e p r e s e n t  t h e  s p e c i f i e d  f r i c t i o n  f o r c e  a t  
t h e  n o d a l  p o i n t s .
( i i )  C a l c u l a t i n g  j o i n t  s l i p p i n g
A llo w in g  j o i n t  s l i p p i n g ,  t h e  n e t  was a n a ly s e d  f o r  
v a r io u s  c ra c k  l e n g th  (n c  = 2 - ^ 5 ) ,  a n d  i n  e a c h  c a s e  
th e  am ount o f  j o i n t  s l i p p i n g  n e c e s s a r y  t o  a c h ie v e  
e q u i l i b r i u m  was c a l c u l a t e d  an d  a l s o  t h e  f i n a l  
e q u i l i b r i u m  s h a p e .
The w h o le  p r o c e d u r e  was s i m i l a r l y  r e p e a t e d  f o r  tw o , t h r e e  an d  f o u r  
c e n t r a l  c a b le s  b r o k e n ,  i . e .  f o r  e a c h  c a s e  t h e  c o r r e s p o n d in g  f r i c t i o n  
f o r c e  v a l u e , s i m i l a r l y  a ssu m e d , was th e n  u s e d  i n  n e t  a n a l y s i s  
a l l o w in g  j o i n t  s l i p p i n g ,  f o r  v a r io u s  c ra c k  l e n g t h s .
5 . 4 . 2 .  D i f f e r e n t  j o i n t  s l i p p i n g  p a t t e r n s  e n c o u n te r e d
F ig .  ( 5 . 3 )  show s a  ro u g h  p l o t t i n g  f o r  t h e  e x p e c te d  r e l a t i o n  b e tw e e n  
th e  c ra c k  t i p  c a b le  f o r c e  and  t h e  c ra c k  l e n g t h  f o r  t h e  d i f f e r e n t  
c a s e s  a n a ly s e d  f o r  j o i n t  s l i p p i n g ,  and  i s  o n ly  i n te n d e d  t o  s e r v e  a s  
a  g e n e r a l  l a y o u t  t o  g iv e  t h e  j o i n t  s l i p p i n g  p a t t e r n  e n c o u n te r e d  i n  
e a c h  c a s e .  Each p o i n t  i n  t h e  g ra p h  r e p r e s e n t s  a  c a s e  s t u d i e d ,  an d  
t h e  nu m b er i n d i c a t e d  on e a c h  p o i n t  r e f e r s  t o  t h e  j o i n t  s l i p p i n g  
p a t t e r n  e n c o u n te r e d  i n  t h i s  c a s e .
The tw o  j o i n t  s l i p p i n g  p a t t e r n s  e n c o u n te re d  i n  t h e  a n a l y s i s  a r e  
shown i n  F ig ,  ( 5 . 4 ) .
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P a t t e r n  1
T y p i c a l  o f  th e  j o i n t  s l i p p i n g  b e h a v io u r  f o r  th e  m a j o r i t y  o f  t h e
c a s e s  s t u d i e d ,  i n  w h ich  th e  s l i p p i n g  o f  one j o i n t  (A) a t  t h e  c ra c k
t i p  was s u f f i c i e n t  t o  a c h ie v e  an e q u i l i b r i u m  s t a t e  w h ich  s a t i s f i e s  
t h e  f o l lo w in g  c o n d i t i o n s .
1 The f i n a l  s l i p p i n g  f o r c e  a c r o s s  j o i n t  (A) e q u a ls  th e  
s p e c i f i e d  f r i c t i o n  f o r c e  v a lu e ,
2 E v e ry w h ere  e l s e  i n  t h e  n e t ,  t h e  s l i p p i n g  f o r c e  i s  l e s s
th a n  o r  e q u a l  t o  t h e  s p e c i f i e d  v a lu e  f o r  t h e  f r i c t i o n  
f o r c e .
P a t t e r n  2
As j o i n t  (A) s l i p p e d  t o  r e l a x  th e  s t r e s s  c o n c e n t r a t i o n  a t  t h e  c ra c k  
t i p ,  t h e  t e n s i l e  f o r c e  i n  c a b le  (A-B) i n c r e a s e d  t o  su c h  an e x t e n t  
t h a t  t h e  s l i p p i n g  f o r c e  a c r o s s  j o i n t  (B ) e x c e e d e d  t h e  s p e c i f i e d  
v a lu e  f o r  t h e  f r i c t i o n  f o r c e ,  th u s  c a u s in g  j o i n t  (B ) t o  s l i p .
A f t e r  t h e  s l i p p i n g  o f  j o i n t s  (A) an d  (B ) an e q u i l i b r i u m  s t a t e  was 
a c h ie v e d  su c h  t h a t  :
( i )  The f i n a l  s l i p p i n g  f o r c e  a c r o s s  j o i n t  (A) e q u a l l e d  t h a t  
a c r o s s  j o i n t  (B) an d  b o th  w ere  e q u a l  t o  t h e  s p e c i f i e d  
v a lu e  f o r  t h e  f r i c t i o n  f o r c e ,
( i i )  The s l i p p i n g  f o r c e  e v e ry w h e re  e l s e  wais l e s s  th a n  th e  
s p e c i f i e d  v a l u e .
The e f f e c t  o f  t h e  tw o j o i n t  s l i p p i n g  p a t t e r n s  c a n  b e  b e s t  a p p r e c i a t e d  
by  e x a m in in g  some o f  t h e  c a s e s  s t u d i e d ,  i n  w h ich  t h e  n e t  was a n a ly s e d  
w i th  f i v e  c a b le s  b r o k e n ,  f o r  d i f f e r e n t  f r i c t i o n  f o r c e  v a lu e s .
F o r  t h i s  c ra c k  l e n g t h ,  p l o t t i n g  on t h e  same a x e s  t h e  f i n a l  e q u i l i b r i u m  
s h a p e s  o b t a in e d  f o r  t h e  tw o e x tre m e  b o r d e r  c a s e s ,  i , e ; -
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( i )  The c a s e  i n  w h ich  j o i n t  s l i p p i n g  was n o t  a l lo w e d ,
( i i )  The c a s e  i n  w h ich  s l i p p i n g  was a l lo w e d ,  t h e  f r i c t i o n
f o r c e  s p e c i f i e d  was minimum an d  t h e  s e c o n d  s l i p p i n g  
p a t t e r n  was e n c o u n te r e d .
As; shown i n  F i g ,  ( 5 ,5 )  i n d i c a t e s  a  s i g n i f i c a n t  change i n  t h e  n e t  
g e o m e try  a t  t h e  c ra c k  t i p  r e g io n  due t o  s l i p p i n g ,
To> exam ine  t h i s  ch an g e  f u r t h e r  an d  t o  a s s e s s  t h e  im p a c t o f  t h e  t r a n ­
s i t i o n  from  th e  f i r s t  s l i p p i n g  p a t t e r n  t o  t h e  s e c o n d ,  t h e  v a lu e  o f  
t h e  c a b le  f o r c e s  a lo n g  s e c t i o n  x  -  x  w ere  com pared  f o r  t h e  f o l l o w in g  
c a s e s  :
( i )  The tw o e x tre m e  c a s e s ,  m e n tio n e d  a b o v e ,
( i i )  The c a s e  p r i o r  t o  t h a t ,  i n  w h ich  t h e  s e c o n d  s l i p p i n g
p a t t e r n  was o b ta in e d .
The co m p a riso n  i s  shown in  F ig ,  ( 5 , 6 ) ,
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5 . 4 . 3 ,  D e ta i l e d  r e s u l t s
The r e s u l t s  o b t a in e d  f o r  t h e  j o i n t  s l i p p i n g  i n v e s t i g a t i o n  a r e  
g iv e n  i n  T a b le  ( 5 , 2 ) ,
Where ; am ount o f  s l i p p i n g  i n  j o i n t  (A)
Sg : am ount o f  s l i p p i n g  i n  j o i n t  (B)
and  s in c e  t h e  o r i g i n a l  l e n g th  o f  t h e  c a b le s
Lg = 7 l e n g t h  u n i t s
th e n  f o r  a  g iv e n  v a lu e  o f  j o i n t  s l i p p i n g  = K
T h is  m eans t h a t  t h e  f i n a l  l e n g t h  o f  t h e  c ra c k  t i p  c a b le  becam e :
L -  7 + 2 K
and  p l o t t i n g  th e  r e s u l t s  i n  F ig ,  ( 5 ,7 )  show s th e  s i g n i f i c a n t  e f f e c t  
o f  j o i n t  s l i p p i n g  on t h e  v a lu e  o f  t h e  c ra c k  t i p  f o r c e  i n  t h e  c a s e s  
S tu d ie d .  Thus a  s i m i l a r  i n f l u e n c e  on t h e  c ra c k  p r o p a g a t io n  b e h a v io u r  
s h o u ld  b e  e x p e c te d .
I t  i s  i n t e r e s t i n g  t o  o b s e rv e  t h a t  once  j o i n t  s l i p p i n g  o c c u r s  and  
an e q u i l ib r i u m  s t a t e  i s  a c h ie v e d ,  i n c r e a s i n g  t h e  l e n g th  o f  t h e  c ra c k  
ev en  c o n s id e r a b ly  h a d  l i t t l e  e f f e c t  on th e  v a lu e  o f  t h e  f i n a l  c ra c k  
t i p  f o r c e .
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F r i c t i o n  F o rc e S l ip p i n g Amount o f  S l ip F i n a l  C rack  T ip
S p e c i f i e d n c P a t t e r n ”S " F o rc e
( f o r c e  u n i t s ) . ( l e n g t h  u n i t s ) ( f o r c e  u n i t s )
1 0 3 .8 0 1 8
2 0 - 4 .3 1 4 6
1 .5 4 3 7 3 0 - 4 .6 2 8
4 0 — 4 .8 1 2 6
5 0 4 .9 1 8
1 0 3 .8 0 1 8
2 0 - 4 .3 1 4 6
1 .4 6 7 3 0 - 4 .6 2 8
4 0 - 4 ,8 1 2 6
5 1 " a = 0 .1 1 4 .8 4 9 6
1 0 3 .8 0 1 8
2 0 - 4 .3 1 4 6
1 .3 3 1 1 3 0
- 4 .6 2 8
4 1 ^A ^ 0 .1 8 4 .7 0 3 9
5 1 ^A = 0 .3 0 4 ,7 3 5 4
1 0 3 .8 0 1 8
2 0 - 4 .3 1 4 6
1 .0 9 8 3 1 ^A ^ 0 .3 4  . 4 .4 4 1 3
4 1 ^A = 0 .5 2 \  4 ,5 1 3 2
5 1 SA = 0 .6 0 4 .5 6 3 5
1 0 3 ,8 0 1 8
2 1 ^A ^ 0 .6 2 4 ,0 1 9 2
3 1 ^A = 0 .9 3 4 .1 4 2 7
0 .7 0 3 7 4 2
h
1 .0 8  ) 
O .O l)
4 ,2 3 6 9
h =
1 . 2 0 )
5 2
0 .1 0  )
4 .2 4 2 0
TABLE ( 5 .2 )
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C H A P T E R  6
E x p e r i m e n t a l  i n v e s t i g a t i o n  o f  t e a r  p r o p a g a t i o n  i n  c o a t e d  f a b r i c s
6 . "1 I n t r o d u c  t i  on
E x p e r i m e n t a l  w o rk  w as c o n d u c te d  t o  i n v e s t i g a t e  t h e  t e a r  p r o p a g a t i o n  
b e h a v i ô u r  o f  c o a t e d  f a b r i c s  i n  o r d e r  t o  p r o v i d e  a  f u r t h e r  e x p e r i m e n t a l  
e v a l u a t i o n  o f  t h e  v a l i d i t y  o f  t h e  p r o p o s e d  s o l u t i o n ,  a n d  i n  p a r t i c u l a r  
t h e  r e l a t i o n  b e tw e e n  t h e  u n i a x i a l  a n d  b i a x i a l  s t r e n g t h  o f  c o a t e d  f a b r i c s .
5 . 2  P r o p e r t i e s  o f  c o a t e d  f a b r i c  u s e d
A f i l a m e n t a r y  m a t e r i a l  w i t h  a  l i g h t  c o a t i n g  on  t h e  s u r f a c e  w as d e s i r e d  
i n  w h ic h  t h e  f o l l o w i n g  c o n d i t i o n s  a r e  s a t i s f i e d .
( i )  a  p l a i n  w eav e  b a s e  f a b r i c
( i i )  t h e  y a m  c o u n t  p e r  u n i t  l e n g t h  a n d  t h e  t e n s i l e  s t r e n g t h  o f  
t h e  f a b r i c  i n  b o t h  t h e  w a rp  a n d  w e f t  d i r e c t i o n s  s h o u ld  b e  a s  
e q u a l  a s  p o s s i b l e .
( i i i )  t h e  f a b r i c  h a d  t o  h a v e  an  e s s e n t i a l l y  e l a s t i c  b e h a v io u r  t o  
f a i l u r e .
(v) t o  s i m u l a t e  i n f i n i t e  b o u n d a r y  c o n d i t i o n s ,  a  c r i t i c a l  b a l a n c e  
b e tw e e n  t h e  s p e c im e n  s i z e  a n d  t h e  y a r n  c o u n t  p e r  u n i t  l e n g t h  
m u s t  b e  a c h i e v e d  an d  s i n c e  t h e  f r e e d o m  o f  c h o ic e  r e g a r d i n g  
t h e  s p e c im e n  s i z e  w as some w h a t  r e s t r i c t e d ,  t h e  c h o s e n  
f a b r i c  h a d  t o  h a v e  a  h ig h  v a lu e  f o r  t h e  y a m  c o u n t  p e r  u n i t  
l e n g t h .
T h e s e  r e q u i r e m e n t s  w e re  n e c e s s a r y  t o  s a t i s f y  t h e  t h e o r e t i c a l  l i m i t a t i o n s  a n d  
t h e  s u p p o s i t i o n  t h a t  t h e  y a m s  a t  t h e  c r a c k  t i p  i n  t h e  f i l a m e n t a r y  s h e e t  
w i l l  f a i l  a t  t h e i r  i n d i v i d u a l  y a m  s t r e n g t h  (28) .
T h e  t e n s i l e  s t r e n g t h  o f  t h e  f a b r i c  h a d  t o  b e  w i t h i n  a  c e r t a i n  l i m i t  
i n  o r d e r  t o  b e  a b l e  t o  o b t a i n  a s  m uch i n f o r m a t i o n  a s  p o s s i b l e  u s i n g  t h e  
l a b o r a t o r y  f a c i l i t i e s  a v a i l a b l e ,  s p e c i a l l y  s i n c e  t h e  t e n s i l e  b o u n d a r y  ■ 
f o r c e  h a d  t o  b e  i n t r o d u c e d  b y  g r a v i t y  l o a d s .
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T e c h n i c a l  a s p e c t s  o f  t h e  b a s e  t e x t i l e  e m p lo y e d  i n  t h e  f a b r i c  t e s t e d
(1) T he f i b e r  i s  c o n t in u o u s  f i l a m e n t  h ig h  t e n s i t y  n y lo n  6 ,6
(2) T he f a b r i c  i s  w oven fro m  30  d e n i e r  y a m s  h a v in g  7 .5  t w i s t s  p e r  
i n c h  a n d  i s  a  p l a i n  w eav e  f a b r i c .
(3) T he  s e t t  i s  115 w a rp  t h r e a d s  p e r  i n c h  b y  102 w e f t  t h r e a d s  p e r  i n c h .
(4) T he f a b r i c  w e ig h t  i s  n o m in a l ly  0 .9  (3 0  g /m ^ ) ,
(5) T y p i c a l  t e n s i l e  s t r e n g t h  o f  t h e  f a b r i c  i s :
W arp d i r e c t i o n  -  38 I b s / i n c h
W e ft d i r e c t i o n  -  32 I b s / i n c h
F ig  ( 5 ,1 )  sh o w s a  t y p i c a l  s t r e s s  -  s t r a i n  c u r v e  f o r  t h e  c o a t e d  f a b r i c .
6 ,3  S h ap e  o f  t h e  s p e c im e n s
( i )  U n i a x i a l  t e s t  s p e c im e n
F ig  (6 .2 )  show  t h e  s p e c im e n  d im e n s io n s  w h ic h  w as u s e d  i n  
t h e  u n i a x i a l  t e s t s .
( i i )  B i a x i a l  t e s t  s p e c im e n
B e f o r e  s t a r t i n g  an y  t e a r  p r o p a g a t i o n  t e s t s ,  i t  w as v i t a l  
t o  e n s u r e  t h a t  a n y  m e a s u r e d  v a l u e  f o r  t h e  b i a x i a l  s t r e n g t h  
o f  t h e  s p e c im e n  d i d  r e p r e s e n t ,  a t  l e a s t  t o  a  r e a s o n a b l e  
e x t e n t ,  t h e  t r u e  b i a x i a l  s t r e n g t h  o f  t h e  f a b r i c .  R e i n h a r d t  
(30 ) i n v e s t i g a t e d  t h i s  p r o b le m  a n d  d e s i g n e d  a  s u i t a b l e  
s p e c im e n  s h a p e ,  u s i n g  w h ic h  h e  m an ag ed  t o  a c h ie v e  a  b i a x i a l  
s t r e n g t h  e q u a l  t o  t h e  u n i a x i a l  s t r e n g t h  o f  t h e  f a b r i c .
A d o p t in g  a  s p e c im e n  s h a p e  s im ila r  t o  R e i n h a r d t 's  s l i t t e d  
c r o s s - s h a p e d  s p e c im e n  a s  show n i n  f i g  ( 6 . 4 a ) ,  a  b i a x i a l  
s t r e n g t h  o f  o n ly  a b o u t  45 p e r c e n t  o f  t h e  u n i a x i a l  v a l u e  w as 
a c h i e v e d ,  th e n  f r a c t u r e  s t a r t e d  i n  t h e  c o m e r  o f  t h e  s q u a r e  
f i e l d  a n d  r a n  a l o n g  t h e  e d g e .
T he r e a s o n  f o r  t h i s  f a i l u r e  c o u ld  b e  e x p l a i n e d  b y  t h e  f a c t  
t h a t ,  a l t h o u g h  t h e  o v e r a l l  s i z e  o f  t h e  f a b r i c  s p e c im e n  i n  b o t h  
c a s e s  w as r o u g h ly  t h e  sam e , t h e  y a r n  c o u n t  p e r  u n i t  l e n g t h  
i n  t h e  R e i n h a r d t  s p e c im e n  w as a t  l e a s t  o n e  O rd e r o f  m a g n i tu d e  
s m a l l e r  t h a n  t h a t  f o r  t h e  t e s t e d  s p e c im e n .
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T h i s  m eans t h a t  t h e  R e i n h a r d t  s p e c im e n  i s  e f f e c t i v e l y  
m uch s m a l l e r  a n d  t h e  e f f e c t  o f  t h e  c u t s  i n  t h e  s t r i p s  
a n d  t h e  c o m e r s  w h ic h  b o th  a c t  a s  s t r e s s  i n t e n s i f i e r s   ^
i s  g r e a t l y  r e d u c e d .  O th e r  m o d i f i c a t i o n s  f o r  t h é  
s p e c im e n  s h a p e  w e re  e x a m in e d  i n  a n  a t t e m p t  t o  i t p r o v e  t h e  
m e th o d  o f  b i a x i a l  t e s t i n g ,  . e . g .  r o u n d in g  t h e  c o r n e r s  
o f  t h e  s p e c im e n  a s  show n i n , f i g  ( 6 . 4 b )  i n c r e a s e d  t h e  
v a l u e  o f  t h e  b i a x i a l  s t r e n g t h  s l i g h t l y ,  t h e n  f r a t u r e  
o c c u r e d  a lo n g  t h e  c la m p  e d g e . .  B u t t h e  b e s t  r e s u l t  
o b t a i n e d  w as a  b i a x i a l  s t r e n g t h  o f  85 p e r  c e n t  o f  t h e  
u n i a x i a l ,  a c h ie v e d  u s i n g  t h e  s p e c im e n  show n i n  f i g  ( 6 , 4 c ) .
A l th o u g h  a v o i d i n g  s h a r p  c o m e r s  i n  t h e  s p e c im e n  s h a p e  s l i g h t l y  
a l t e r e d  t h e  d i s t r i b u t i o n  o f  s t r e s s e s ,  e s p e c i a l l y  a t  t h e  
f r e e  e d g e s ,  a  s t a t e  o f  u n i f o r m  b i a x i a l  s t r e s s  w as a c h i e v e d  
i n  t h e  s q u a r e  f i e l d .  T h i s  s p e c im e n  s h a p e  w as t h e n  a d o p te d  
f o r  t h e  t e a r  p r o p a g a t i o n  t e s t s .
6 . 4  M eth o d  o f  T e s t i n g
The t e a r  p r o p a g a t i o n  b e h a v io u r  f o r  t h e  f a b r i c  s p e c im e n s  w as i n v e s t i g a t e d  
u n d e r  t h e  e f f e c t  o f  b o t h  u n i a x i a l  a n d  b i a x i a l  s t r e s s  f i e l d s .  T he b o u n d a ry  
f o r c e  a c t i n g  a t  t h e  c la m p s  w as i n t r o d u c e d  b y  g r a v i t y  l o a d s  t h r o u g h  a  
s y s te m  o f  p u l l e y s ,  t h e n  u s i n g  a  s h a r p  b l a d e  t h e  c r a c k  w as i n i t i a t e d  
g r a d u a l l y  p e r p e n d i c u l a r  t o  t h e  w a rp  d i r e c t i o n ,  u n t i l  s u d d e n  f a i l u r e  
o c c u r e d .
F o r  e a c h  t e s t  t h e  c h o s e n  v a l u e  f o r  t h e  g r a v i t y  l o a d s  a n d  t h e  c o r r e s p o n d i n g  
c r a c k  l e n g t h  w e re  r e c o r d e d .
6 . 5  R e s u l t s  a n d  d i s c u s s i o n
6 . 5 . 1  B i a x i a l  t e s t s
T he t e a r  p r o p a g a t i o n  b e h a v io u r  w as s t u d i e d  f o r  v a r i o u s  d e g r e e s  
o f  f i e l d  b i a x i a l i t y .  T he g r a v i t y  l o a d s  a p p l i e d  a t  t h e  b o u n d a r y  
w e re  c h o s e n  i n  s u c h  a  w ay t h a t  t h e  r e s u l t i n g  c r a c k  l e n g t h  
r e q u i r e d  t o  a c h iv e  t h e  s u d d e n  a n d  c o m p le te  f a i l u r e  o f  t h e
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sp e c im en  s a t i s f i e s  t h e  f o l lo w in g  tw o - .c o n d i t io n s
( i )  t h e  c r a c k  l e n g t h  m u st be  s m a l l  (b ^  1 cm) com pared  
w i th  th e  sp ec im en  d im e n s io n s  t o  e n s u re  th e  
s im u l a t io n  o f  i n f i n i t e  b o u n d a ry  c o n d i t i o n s .
( i i )  i n  t h e  same t im e  th e  c r a c k  l e n g t h  h a d  t o  be  l a r g e  
enough  t o  m in im iz e  th e  p o s s i b i l i t y  o f  any  e r r o r s  i n  
t h e  m e a su re m e n ts .
F ig s  (6 .5 )  and  (6 .6 )  show a  f a b r i c  sp e c im en  w ith  a  
c e n t r a l  s l i t  u n d e r  b i a x i a l  s t r e s s  f i e l d  c o n d i t i o n s  d u r in g  
th e  t e a r  p r o p a g a t io n  t e s t s .
The t h e o r e t i c a l  s o l u t i o n  f o r  th e  i n f i n i t e  b o u n d a ry  c a s e  
p r e d i c t s  an  e l l i p t i c  c r a c k  s h a p e ,a n d  th e  c lo s e  e x a m in a t io n  
o f  t h e  c r a c k  shown i n  f i g s  (6 .5 )  an d  (6 .6 )  d o e s  s u p p o r t  
t h i s  p r e d i c t i o n  e s p e c i a l l y  s in c e  o n ly  an e l l i p t i c  c ra c k  
w ou ld  s t i l l  re m a in  a s  an  e l l i p s e  a f t e r  b e in g  p r o j e c t e d  
on a n o th e r  p la n e  , W h a tev e r th e  a n g le  o f  t h i s  p r o j e c t i o n ,  
a  f a c t  i l l u s t r a t e d  i n  p a r t i c u l a r  by  f i g  ( 6 . 5 ) .  W ith  
i n c r e a s i n g  c r a c k  l e n g th  th e  s im u la t e d  i n f i n i t e  b o u n d a ry  
c o n d i t i o n s  g r a d u a l ly  change  i n  t o  t h a t  o f  t h e  f i n i t e  
b o u n d a ry  c a s e  a s  shown in  f i g s  (6 .7 )  and  ( 6 . 8 ) . a n d  i t  
i s  i n t e r e s t i n g  t o  com pare th e  c r a c k  sh a p e  shown i n  f i g  
(6 .8 )  w i th  t h a t  p r e d i c t e d  by  t h e  p ro p o s e d  s o l u t i o n  f o r  
th e  f i x e d  g r i p s  c a s e  shown i n  f i g  (6 .9 )  p l o t t e d  a d o p t in g  
th e  same v a lu e s  f o r  t h e  c r a c k  l e n g th  and  th e  max c ra c k  
o p e n in g .
F ig s  (6 .1 0 )  and  (6 .1 1 )  show th e  sp ec im en  a f t e r  t h e  t e a r  
p r o p a g a t io n  t e s t ,  and  t h e  f a c t  t h a t  v e ry  l i t t l e  p l a s t i c  
d e fo r m a t io n  o c c u re d  can  b e  c o n c lu d e d  from  th e  sh a p e  
and  th e  sm o o th n e ss  o f  t h e  t e a r .
The e x p e r im e n ta l  r e s u l t s  o f  th e  t e a r  p r o p a g a t io n  t e s t s  
a r e  g iv e n  i n  t a b l e  (6 .1 )  an d  p l o t t i n g  th e  r e s u l t s  a s  
shown i n  f i g  (6 .1 2 )  d o e s  s u p p o r t  th e  v a l i d i t y  o f  t h e  
p r e d i c t e d  r e l a t i o n ,  f i g  ( 3 . 4 ) ,  be tw een  t h e  u n i a x i a l  and 
b i a x i a l  s t r e n g t h  o f  c o a te d  f a b r i c s .
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6 ,5 .2  U n ia x ia l  t e s t s
T e a r  p r o p a g a t io n  b e h a v io u r  o f  c o a te d  f a b r i c s  u n d e r  u n i a x i a l  
s t r e s s  f i e l d  was i n v e s t i g a t e d .  T e s t s  w ere  c o n d u c te d  t o  d e te rm in e  
t h e  r e l a t i o n  b e tw e e n  t h e  c r a c k  p r o p a g a t io n  s t r e n g t h  a n d  th e  
l e n g t h  o f  t h e  c r a c k .  F ig s  (6 .1 3 )  and  (6 .1 4 )  show a  sp ec im en  
w i th  c e n t r a l  s l i t  s u b j e c t e d  t o  u n i a x i a l  s t r e s s e s  d u r in g  
t h e  t e s t .
The r e s u l t s  o b t a in e d  a r e  g iv e n  i n  t a b l e  (6 .2 ) .  e x a m in in g  t h e  
e x p e r im e n ta l  v a lu e s  d o e s  s u p p o r t  th e  v a l i d i t y  o f  t h e  p r e d i c t e d  
e q u a t io n  (8a) a n d  o f f e r s  s u p p o r t  t o  t h e  a u t h o r 's  v iew  w i th  
r e l a t i o n  t o  t h e  d i s c u s s i o n  o f  R a c a h 's  w ork m e n tio n e d  i n  3 .3 .
The r e s u l t s  i n d i c a t e s  t h a t  t h e  c r a c k  p r o p a g a t io n  s t r e n g t h  i s  
i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  s q u a re  r o o t  o f  th e  c ra c k  l e n g th  
p r o v id e d  t h a t  t h e  c r a c k  l e n g th  d o e s  n o t  e x c e e d  h a l f  t h e  w id th  
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C o n c lu s io n s
T he  e x p e r i m e n t a l  a n d  a n a l y t i c a l  w o rk  c o n d u c te d  i n  t h i s  i n v e s t i g a t i o n  
c o n f i r m s  t h e  v a l i d i t y  a n d  r e l i a b i l i t y  o f  t h e  t h e o r e t i c a l  e x p r e s s i o n  
p r o p s o e d  t o  p r e d i c t  t h e  c r a c k  p r o p a g a t i o n  b e h a v io u r  o f  s t r u c t u r a l  
n e t s  an d  f a b r i c s .  T he s tu d y  sh o w ed  t h a t  t h e  v a l u e  o f  t h e  f r a c t u r e  
t o u g h n e s s  d e p e n d s  o n ly  on  t h e  i n h e r e n t  m a t e r i a l  p r o p e r t i e s  o f  t h e  
n e t ,  a n d  i s  i n d e p e n d e n t  o f  a l l  o t h e r  e x t e r n a l  f a c t o r s  s u c h  a s  t h e  
n e t  s i z e ,  c r a c k  l e n g t h  on  e v e n  t h e  b o u n d a r y  t e n s i o n .
T he d i s c r e t e  a n a l y s i s  c o n d u c te d  o f f e r e d  a  u s e f u l  i n s i g h t  t o  t h e  d i s t r i b u t i o n  
o f  s t r e s s e s  i n  a  f r a c t u r e d  m em brane s u b j e c t e d  t o  t e n s i l e  f o r c e s ,  
s p e c i a l l y  f o r  u n c o a te d  n e t s  s u b j e c t e d  t o  a  u n i a x i a l  s t r e s s  f i e l d ,  a  
c a s e  f o r  w h ic h  n o  m a th e m a t i c a l  t r e a t m e n t  i s  a v a i l a b l e ,  a n d  i t  show ed  
t h a t  i n  a  b i a x i a l  s t r e s s  f i e l d ,  f i x e d  g r i p s  l o a d i n g ,  t h e  r e l a t i o n  
b e tw e e n  t h e  c r i t i c a l  b o u n d a r y  t e n s i o n  p e r  c a b l e  a n d  t h e  c r a c k  t i p  
s t r e s s  i s  l i n e a r ,  i . e .  t h a t  t h e  c o n c e p t  o f  a  s t r e s s  c o n c e n t r a t i o n  f a c t o r  
d o e s  e x i s t ,  a s  i n  i s o t r o p i c  hom o g en o u s m a t e r i a l s .
T e s t s  d e s i g n e d  t o  s i m u l a t e  t h e  b o u n d a r y  c o n d i t i o n s  a d o p te d  i n  d e r i v i n g  
t h e  p r o p o s e d  e x p r e s s i o n s  c a n  b e  u s e d  t o  d e t e r m in e  t h e  f r a c t u r e  t o u g h n e s s  
f o r  l i g h t  n e t s  s u c h  a s  w oven f a b r i c s ,  e s p e c i a l l y  s i n c e  t h e y  b e h a v e  
r o u g h ly  i n  an  e l a s t i c  m a n n e r  ( 9 ) ,  ( 1 4 ) ,  (15) , ( 2 8 ) .  A l t e r n a t i v e l y  
t o  a v o id  b i a x i a l  t e s t i n g  w h ic h  i s  m ore d i f f i c u l t  a n d  e x p e n s i v e , t h e  
p r o p o s e d  r e l a t i o n  b e tw e e n  t h e  b i a x i a l  a n d  u n i a x i a l  s t r e n g t h  c a n  b e  
u s e d  t o  e v a l u a t e  t h e  b i a x i a l  s t r e n g t h  fro m  a  u n i a x i a l  t e s t  r e s u l t s .
T he o n ly  r e m a in in g  p ro b le m  i s  i n  c a l c u l a t i n g  a c c u r a t e l y  som e m a t e r i a l  
c o n s ta n t s  s u c h  a s  t h e  v a l u e  o f  t h e  s h e a r  m o d u lu s  o f  t h e  c o a t e d  f a b r i c .  
H ow ever t h e  p r e s e n t  w oek d o e s  p r o p o s e  a  t e s t  i n  a n  a t t e m p t  t o  o v e rc o m e  
t h i s  p r o b le m ,a n d  a l s o  M inam i (9) c o n d u c te d  a  s t u d y  on t h e  r e p r e s e n t a t i o n  
o f  m a t e r i a l  c o n s t a n t s  u s i n g  a  f i n i t e  e l e m e n t  m e th o d , a n d  s u g g e s t e d  a  v a l u e  
f o r  t h e  r a t i o  b e tw e e n  t h e  s h e a r  m o d u lu s  a n d  t h e  m o d u lu s  o f  e l a s t i c i t y ,  
w h ic h  c a n  b e  u s e d  u n t i l  b e t t e r  m e th o d s  t o  e v a l u a t e  s u c h  c o n s t a n t s  a r e  
d e v i s e d .
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T he i n v e s t i g a t i o n  d re w  t h e  a t t e n t i o n  t o  t h e  im p o r ta n c e  o f  j o i n t  
s l i p p a g e , e s p e c i a l l y  i n  c a b l e  n e t w o r k s ,a n d  i t s  e f f e c t  on  t h e  
r e d i s t r i b u t i o n  o f  s t r e s s e s .  F u r t h e r  r e s e a r c h  i n  t h i s  t o p i c  i s  
r e q u i r e d  t o  im p ro v e  t h e  m e th o d s  o f  c lam p  d e s i g n ,  w h ic h  w o u ld  e v e n t u a l l y  
l e a d  t o  a  m ore e f f i c i e n t  a n d  s a f e r  s t r u c t u r e .
F i n a l l y ,  t h e  e x c e l l e n t  c o r r e l a t i o n  b e tw e e n  t h e  p r o p o s e d  e x p r e s s i o n  
a n d  t h e  d i f f e r e n t  t h e o r e t i c a l  a n d  e x p e r im e n ta l ,  w o rk  p r e v i o u s l y  
p u b l i s h e d  w h ic h  a p p a r e n t l y  see m e d  t o  b e  c o n t r a d i c t o r y  e s t a b l i s h e d  
t h e  v a l i d i t y  a n d  t h e  r e l i a b i l i t y  o f  t h e  p r o p o s e d  s o l u t i o n .
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A ppendix (1 .1 )
* I n f i n i t e  b o u n d a ry  c a s e
PLANE





* Fixed grips case :
x + i y
a / 2
AB
V W s u + iv
B I D C
/








H = c o s h ”\  vy )
-1 cosh {^ ^ /a  } 
c o s h  { * ^ V a }
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APPENDIX ( 1 , 2 )
&FIXED GRIPS LOADING CASE
b
A rea  o f  t h e  c ra c k  = 4 J*  (j).dx
T h is  i n t e g r a t i o n  c a n n o t b e  e v a l u a t e d ,  b u t  s in c e  
= _ V , T a . t a n h  ( | k )  .
an d  i n t e g r a t i n g  w ith  r e s p e c t  t o  b
j t a n h
= -  V_ Ta . I n  co sh  ( ^ ) j
= -  V T a% -  . I n  co sh  (— ) o 7T a c
A rea  o f  t h e  c ra c k  = —
-  :  Vo
= 2 T a^ c . I n  co sh  ( — ) —  a cTT
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Appendix (1.3)
Fixed grips case: evaluating the strain energy released Wj
|bC”r] = -  ^ iBt}
Wr = y*. ^  . a . t a n h j ^ f  .db
= -  ^  t a n h  {AE
••■ ” r =  -  i
APPENDIX ( 2 )
Discrete analysis program
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in teger  d f i l e , r f i l e , c , h , l
dimension co r (500 ,4 ) ,ncon(500 ,2 ) ,d i fx (500) ,d i fy (500) ,d i fz (500) ,
& alen(500) ,ex t(500) ,ae(500) ,p(500,3) , tx(500) , ty(500) , ten(500) ,
&tenx(500),teny(500),u(500),v(500),uu(30),vv(30>,
l r (30),q(500),o l<500)
wri te (6 ,5)
5 fo r m a te  number of data f i l e " )
read (5 ,10 )d f i l e
wri te(6 ,15)
15 fo r m a te  number of r e s u l t s  f i l e " )  
r e a d ( 5 ,1 0 ) r f i l e  
10 format(i2) 
read (d f i le ,20 )n ,n s ,nv ,nu  
20 format(v)
w r i t e ( r f i l# ,2 5 )n ,n s ,n v ,n u  
25 fo rm a t ( i3 ,1 x , i3 ,1 x , i3 ,1 x , i3 )  
do 40 i=1,ns
40 r e a d ( d f i l e ,4 5 ) ( n c o n ( i , j ) , j= 1 ,2 )
45 format(v) 
do 50 i*1,ns
50 w r i t e ( r f i l e , 5 5 ) ( n c o m ( i , j ) , j « 1 ,2)
55 format( i3 ,1x , i3 )  
do 60 i*1,n
60 r e a d ( d f i l e , 6 5 ) ( c o r ( i , j ) , j = 1 , 4 )
65 format(v) 
do 66 i*1,ns
66 read(d f i le ,65)611 i)  
do 70 i=1,nu
70 r e a d ( d f i l e , 6 5 ) ( p ( i , j ) , j » 1 , 3 )  
do 76 i»1,ns
d i fx ( i )= co r (ncon ( i ,2 ) ,2 ) -co r (ncon< i ,1 ) ,2 )  
d i fy ( i )=cor(ncon( i ,2 ) ,3 )~cor<ncon( i ,1 ) ,3 )  
d i f z ( i ) = c o r (n c o n ( i ,2 ) ,4 ) - c o r (n c o n ( i ,1 ) ,4 )
76 continue 
write(6 ,77)
77 f o r m a te  number of cyc les” ) 
read(5,20)ncycles
do 80 i=1,nu 
u( i )*0 .0  






550 do 900 i j=1,nu 
if<l*eq.1)go to 600 
c o r ( i j , 2 ) = c o r ( i j , 2 ) - u ( i j )  
u ( i j )= 0 .0  
600 ii=1 
700 continue
c o r ( i j , 2 ) = c o r < i j ,2 ) + u ( i j )
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do 755 i=1,ns
i f ( n c o n ( i , 1 ) . e q . i j ) g o  to 740 
i f ( n c o n ( i , 2 ) . e q . i j ) g o  to 740 
go to 755 
740 continue
d i fx ( i )= c o r (n c o n ( i ,2 ) ,2 ) -c o r (n c o n ( i ,1 ) ,2 )  
a len ( i )=& qr t (d i fx ( i )$*2+dify( i )*$2+dif2 ( i ) * * 2 ) 
e x t ( i ) » a l e n ( i ) - o l ( i )  
i f ( ex t ( i ) .g t .O .O )g o  to 752 
ten ( i )=0 .0  
go to 754
752 ae<i)=7.0
753 t e n < i ) = a e ( i ) * e x t ( i ) / o l ( i )
754 te o x ( i )* t en < i> $ d i fx ( i ) / a le n ( i )
755 continue 
do 760 j=1,n 
760 tx ( j )= 0 .0  
do 770 i=1,ns
i f ( n c o n ( i , ; ) , e q . i j ) g o  to 765 
i f ( n c o n ( i , 2 ) , e q . i j ) g o  to 765 
go to  770 
765 continue
tx (n c o n ( i ,1 ) )= tx (n c o n ( i ,1 ) ) - te n x ( i )  
tx (n co n ( i ,2 ) )« tx (n co n ( i ,2 ) )+ ten x ( i )
770 continue 
r ( i i ) = t x ( i j ) - p ( i j , 1 )  
i f ( a b s ( r ( i i ) ) » l t . 0 . 0 1 ) g o  to 897 
i i=ii+1
i f ( i i . g t . 2 ) g o  to 795 
i f ( r ( i i - 1 ) >785,897,790 
785 uu( ii )=9 .0  
go to 895 
790 uu<ii )»-9 .0  
go to 895
795 i f ( i i . g t . 3 ) g o  to 800 
u u ( i i ) = u u ( i i - t ) / 2 . 0  
go to 895
800 i f ( i i . e q .4 } g o  to  828 
i f ( i i . e q . S ) g o  to 827 
i f ( i i . e q . 6 ) g o  to 826 
i f ( i i . e q . 7 ) g o  to  825 
i f ( i i . e q . 8 ) g o  to 822 
i f ( i i . e q . 9 ) g o  to 821 
i f ( i i . t q . l O ) g o  to  820 
i f ( i i . e q . 1 1)go to 819 
i f ( i i . e q .1 2 ) g o  to 818 
i f< i i .eq .13 )go  to 817 
i f ( i i . g t . 1 3 ) g o  to 816 
805 u u u * r ( i i - 1 ) / r ( i i - 2 )  
if(uuu)810,810,811 
810 u u ( i i )= (u u ( i i -1 )+ u u ( i i -2 ) ) /2 .0  
go to 895
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811 u u ( i i )= (u u ( i i - 1 ) + u u ( i i - 3 ) ) /2 .0  
go to 895
816 i f ( r ( i i - 1 ) . l t . 0 . 0 . a n d . r ( i i - 2 ) . l t . 0 . 0 . a n d . r ( i i - 3 ) . l t . 0 . 0 . a n d  
a . r ( i i - 4 ) . l t . O . O . a n d . r ( i i - 5 ) . l t . O . O . a n d . r ( i i - 6 ) . l t . O . O . a n d . r ( i i - 7 ) .  
& l t . 0 . 0 . a o d . r ( i i - 8 ) . l t . 0 . 0 . a n d , r ( i i - 9 ) . l t . 0 . 0 . a n d . r ( i i - 1 0 ) . l t .
& 0 . 0 . a n d . r ( i i - 1 1 ) . l t . 0 . 0 . a n d . r ( i i - 1 2 ) . l t . 0 . 0 . a n d . r ( i i - 1 3 ) . l t . 0 . 0 > g o  to 888 
I f  f r ( i i - f  ) . g i . O V O . a n d . r n i - 2 ) . g t . ^ . ^ . a n ^ . r m ^ ; g V . i r . 0 . a n ^ ; r m : - 4 y .  ~  
a g t . 0 .0 .# o d . r ( i i - 5 ) • g t . 0 . 0 . a n d . r ( i i ' 6 ) . g t * 0 . 0 . a n d . r < i i - 7 ) . g t . O . O . a n d .  
l r < i i - 8 ) . g t . 0 . 0 . a n d . r ( i i - 9 ) . g t . 0 . 0 . a n d . r ( i i - 1 0 ) . g t . 0 . 0 . a n d . r ( i i - 1 1 ) .  
& g t . 0 . 0 . a n d . r ( i i - 1 2 ) .g t . 0 .0 . a n d . r ( i i - 1 3 ) .g t . 0 .0 ) g o  to 888
817 i f ( r ( i i - 1 ) . l t . 0 . 0 . a n d . r ( i i - 2 ) . l t . 0 . 0 . a n d . r < i i - 3 ) . I t . O . O . a n d .  
a r < i i - 4 ) . l t . 0 . 0 . a n d . r ( i i - 5 ) . l t . 0 . 0 . a n d . r ( i i - 6 ) . l t . 0 , 0 . a n d . r ( i i - 7 ) .  
& l t . 0 . 0 . a m d . r ( i i - 8 ) . l t . 0 . 0 . a n d . r ( i i - 9 ) . l t . 0 . 0 . a n d . r ( i i - 1 0 ) . l t . 0 . 0 . a n d . r (  
i i i - 1 1 ) . l t , 0 . 0 . a n d . r ( i i - 1 2 ) . l t . 0 . 0 ) g o  to 887
i f ( r ( i i - 1 ) . g t . O . O . a n d . r ( i i - 2 ) . g t . O . O . a n d . r ( i i - 3 ) . g t . O . O . a n d . r ( i i - 4 ) .  
3 g t . 0 . 0 . a o d . r ( i i - 5 ) . g t » 0 . 0 . a n d . r ( i i - 6 ) . g t . 0 . 0 . a n d . r ( i i - 7 ) . g t . O . O . a n d .  
l r ( i i - 8 > . * t . 0 . 0 . a n d . r ( i i - 9 ) . g t . 0 . 0 . a n d . r ( i i " 1 0 ) . g t . 0 . 0 . a n d . r ( i i - 1 1)• 
& g t .0 .0 . a n d . r ( i i -1 2 ) .g t .0 .0 ) g o  to 887
818 i f ( r ( i i**1) . l t . 0 . 0 . a n d . r ( i i - 2 ) . l t . 0 . 0 . a n d . r ( i i - 3 ) . l t , 0 . 0 . a n d .  
& r ( i i - 4 ) . l t . 0 . 0 . a n d . r ( i i - 5 ) . l t . 0 . 0 . a n d . r ( i i - 6 ) . l t . 0 . 0 . a n d . r ( i i - 7 ) . l t . 0 . 0 .  
a a n d . r ( i i - 8 ) . l t . 0 . 0 . a n d . r ( i i - 9 ) . l t . 0 . 0 . a n d . r ( i i - 1 0 ) . l t . 0 . 0 . a n d . r ( i i - 1 1) 
&.lt.O.O)go to 886
i f ( r < i i - 1 ) . g t . 0 . 0 . a n d . r ( i i - 2 ) . g t . 0 . 0 . a n d . r < i i - 3 ) . g t . 0 . 0 . a n d . r ( i i - 4 ) . 
a g t . 0 . 0 . a n d . r ( i i - 5 ) . g t . 0 . 0 . a n d . r ( i i - 6 ) . g t . 0 . 0 . a n d . r ( i i - 7 ) . g t . 0 . 0 . a n d . r ( i i - 8 ) , 
& g t . 0 . 0 . a n d . r ( i i - 9 ) . g t . 0 . 0 . a n d , r ( i i - 1 0 ) . g t . 0 . 0 . a n d . r ( i i - 1 1 ) . g t . 0 . 0 ) g o  to 886
819 i f ( r ( i i - 1 ) . l t . 0 . 0 . a n d . r ( i i - 2 ) . l t , 0 . 0 . a n d . r ( i i - 3 ) . l t . 0 . 0 .  
3 a n d . r ( i i * * 4 ) . l t . 0 . 0 . a n d . r ( i i - 5 ) . l t . 0 . 0 . a n d . r ( i i ' 6 ) . I t . O . O . a n d .  
& r ( i i - 7 ) . l t . 0 . 0 . a n d . r ( i i - 8 ) . l t . 0 . 0 . a n d . r ( i i - 9 ) . l t . 0 . 0 . a n d .  
a r ( i i - 1 0 ) # l t . 0 .0 ) g o  to 885
i f ( r ( i i - 1 ) . g t . 0 . 0 . a n d . r ( i i - 2 ) . g t . 0 . 0 . a n d . r ( i i - 3 ) . g t . 0 . 0 . a n d .  
a r ( i i - 4 ) . g t . 0 . 0 . a n d . r ( i i - 5 ) . g t . 0 . 0 . a n d . r ( i i - 6 ) . g t . 0 . 0 . a n d .  
a r ( i i - 7 ) . g t . 0 . 0 . a n d . r ( i i - 8 ) . g t . 0 . 0 . a n d . r ( i i - 9 ) . g t . 0 . 0 . a n d .  '
a r ( Ü 7 l 0 ) . g t . 0 . 0 ) g o  to 885
820 i f ( r ( i i - 1 ) . l t # 0 . 0 . a n d . r ( i i - 2 ) . l t . 0 . 0 . a n d . r ( i i - 3 ) . l t . 0 . 0 . a n d .  
a r ( i i - 4 ) , l t . 0 . 0 . a n d . r ( i i - 5 ) . l t . 0 . 0 . a n d . r ( i i - 6 ) . l t . 0 . 0 . a n d . r ( i i - 7 > .  
a i t . 0 . 0 . a n d . r ( i i - 8 ) . l t . 0 . 0 . a n d . r ( i i - 9 ) . l t . 0 . 0 ) g o  to 884 
i f ( r ( i i - 1 ) . g t . 0 . 0 . a n d . r ( i i - 2 ) . g t . 0 . 0 . a n d . r ( i i - 3 ) . g t . 0 . 0 . and. 
a r ( i i - 4 ) . g t . 0 . 0 . a n d . r ( i i - 5 ) . g t . 0 . 0 . a n d . r ( i i - 6 ) . g t . 0 . 0 . a n d . r ( i i - 7 ) .  
& g t . 0 . 0 . a n d . r ( i i - 8 ) . g t . 0 . 0 . a n d . r ( i i - 9 ) . g t . 0 . 0 ) g o  to 884
821 i f ( r ( i i - 1 ) . l t . 0 . 0 . a n d . r ( i i - 2 ) . l t . 0 . 0 . a n d . r ( i i - 3 ) . l t . 0 . 0 . a n d .  
a r ( i i - 4 ) . l t . 0 . 0 . a n d . r ( i i - 5 ) . l t . 0 . 0 . a n d . r ( i i - 6 ) . l t . 0 . 0 . a n d . r ( i i - 7 ) . 
& l t . 0 . 0 . a n d . r ( i i - 8 ) . l t . 0 . 0 ) g o  to 883
i f ( r ( i i - 1 ) . g t . 0 . 0 . a n d . r ( i i - 2 ) . g t . 0 . 0 . a n d . r ( i i - 3 ) . g t . 0 . 0 . a n d .  
& r ( i i - 4 ) . g t . 0 . 0 . a n d . r ( i i - 5 ) , g t . 0 . 0 . a n d . r ( i i - 6 ) . g t . 0 . 0 . a n d . r ( i i - 7 ) . 
& g t .0 .0 . a n d . r ( i i - 8 ) .g t .0 .0 ) g o  to 883
822 i f ( r ( i i - 1 ) . l t . 0 . 0 . a n d . r ( i i - 2 ) . l t . 0 . 0 . a n d . p < i i - 3 ) . l t . 0 . 0 . a n d .  
& r ( i i - 4 ) . l t . 0 . 0 . a n d . r ( i i - 5 ) . l t . 0 . 0 . a n d . r ( i i - 6 ) . l t . 0 . 0 . a n d . r ( i i - 7 ) . 
ai t .O.O)go to 882
i f ( r ( i i - 1 ) . g t . 0 . 0 . a n d . r ( i i - 2 ) . g t . 0 . 0 . a n d . r ( i i - 3 ) . g t . O . O . a n d . r <  i i - 4 ) .  
a g t . 0 . 0 . a n d . r ( i i - 5 ) . g t . 0 . 0 . a n d . r ( i i ‘ 6 ) . g t . 0 . 0 . a n d . r ( i i * 7 ) .
&gt.O.O>go to 882
825 i f ( r ( i i - 1 ) . l t . 0 . 0 . a n d . r ( i i - 2 ) . l t . 0 . 0 . a n d . r ( i i - 3 ) . l t . 0 . 0 . a n d .
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a r ( i i - 4 ) . l t . 0 . 0 . a n d . r ( i i - 5 ) . l t . 0 . 0 . a n d . r ( i i - 6 ) , l t . 0 . 0 ) g o  to 881 
i f ( r ( i i - 1 ) . g t . 0 . 0 . a n d . r ( i l - 2 ) . g t . 0 . 0 . a n d . r ( i i - 3 ) . g t . 0 . 0 . a n d .  
& r ( i i - 4 ) . g t . 0 . 0 . a n d . r ( i i - 5 ) . g t . 0 . 0 . a n d . r ( i i - 6 ) . g t . 0 . 0 ) g o  to  881
826 i f ( r ( i i - 1 ) . l t . 0 . 0 . a n d . r ( i i - 2 ) . l t . 0 . 0 . a n d . r ( i i - 3 ) . l t . 0 . 0 . a n d .  
l r ( i i - 4 ) . l t . 0 . 0 . a n d . r ( i i - 5 ) . l t . 0 . 0 ) g o  to 880
i f ( r ( i i - 1 ) . g t . 0 . 0 . a n d . r ( i i - 2 ) . g t . 0 . 0 . a n d . r ( i i * 3 ) . g t . 0 . 0 . a n d .  
a r ( i i - 4 ) . g t . 0 . 0 . a o d . r ( i i - 5 ) . g t . 0 . 0 ) g o  to 880
827 i f ( r ( i i - 1 ) . l t . 0 . 0 . a n d . r ( i i - 2 ) . l t . 0 . 0 . a n d . r ( i i - 3 ) , l t . 0 . 0 . a n d .  
l r ( i i - 4 ) . l t . 0 . 0 ) g o  to 870
i f ( r ( i i - 1 ) . g t . 0 . 0 . a n d . r ( i i * 2 ) . g t . 0 . 0 . a n d . r < i i - 3 ) . g t . 0 . 0 . and. 
l r ( i i - 4 ) . g t . 0 . 0 ) g o  to  870
828 i f ( r ( i i - 1 ) . l t . 0 . 0 . a n d . r ( i i - 2 ) . l t . 0 . 0 . a n d . r ( i i - 3 ) . l t . 0 . 0 ) g o  to  850 
i f ( r ( i i - 1 ) . g t . 0 . 0 . a n d . r ( i i - 2 ) . g t . 0 . 0 . a n d . r ( i i - 3 ) . g t . 0 . 0 ) g o  to  850
go to 80S
850 u u ( i i ) s ( u u ( i i - 1 ) + u u ( i i - 4 ) ) / 2 .0  
go to 895
870 u u ( i i )= (u u ( i i -  
go to 895
880 u u ( i i ) = ( u u ( i i -  
go to 895
881 u u ( i i ) * ( u u ( i i -  
go to 895
882 u u ( i i ) = ( u u ( i i -  
go to 895
883 u u ( i i )= (u u ( i i -  
go to 895
884 uu ( i i )=<uu( i i -  
go to 895
885 u u ( i i ) » ( u u ( i i -  
go to 895
886 uu<i i )= (uu( i i -  
go to 895
887' u u ( i i )= ( u u ( i i -  
go to 895
888 u u ( i i )= ( u u ( i i -  
895 u ( i j ) = u u ( i i ) - u u ( i i - 1 )  
go to 700 
897 u ( i j )= u u ( i i )
900 continue 
i f d . e q . D g o  to 950 
m»1
do 940 i=1,nu
i f ( a b s ( u ( i ) - q ( i ) ) . l t . 0 . 1 ) g o  to  940 
M*m+1
940 continue 
if(m.eq.1)go to 970 
950 do 960 i j*1,nu 
q ( i j ) = u ( i j )
960 continue 
1= 1+1 
go to 550 
970 continue
)+ u u ( i i -5 ) ) /2 .0
)+ u u ( i i -6 ) ) /2 .0
)+ u u ( i i -7 ) ) /2 .0
)+ u u ( i i -8 ) ) /2 .0
)+ u u ( i i -9 ) ) /2 .0
)+uu( i i -10 ) ) /2 .0
)+uu( i i -11 ) ) /2 .0
)+ uu( i i -12)) /2 .0
)+uu( i i -13 ) ) /2 .0
)+uu( i i -14) ) /2 .0
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990 do 1200 i j=1,nv 
i f ( c .e q .1 )g o  to 995 
c o r ( i j , 3 ) = c o r ( i j , 3 ) - v ( i j )  
v ( i j )= 0 .0  
995 ii=1 
1000 continue 
c o r ( i j , 3 ) = c o r ( i j , 3 ) + v ( i j )  
do 1065 i=1,ns
i f ( n c o n ( i , 1 ) . e q . i j ) g o  to 1040 
i f ( n c o n ( i , 2 ) , e q . i j ) g o  to 1040 
go to 1065 
1040 continue
d i fy ( i>*cor (ncon( i ,2 ) ,3>-cor (ncon( i ,1 ) ,3 )  
a len ( i )=*qr t (d i fx( i )$*2+dify( i )*$2+difz ( i )*$2)  
e x t ( i ) = a l e n ( i ) - o l ( i )  
i f ( ex t ( i ) .g t .O .O )g o  to 1062 
ten(i>=0.0 
go to 1064
1062 ae( i )=7 .0
1063 t e n ( i ) = a e ( i ) * e x t ( i ) / o l ( i )
1064 t e n y ( i ) = t e n ( i ) $ d i f y ( i ) / a l e n ( i )
1065 continue 
do 1070 j*1,n  
1070 ty ( j )= 0 .0  
do 1075 i=1,ns
i f ( n c o n ( i , 1 ) . e q . i j ) g o  to 1073 
i f ( n c o n ( i , 2 ) . e q . i j ) g o  to 1073 
go to 1075 
1073 continue
ty ( n c o n ( i ,1 ) )= ty (ncon( i ,1 ) ) - teny ( i )  
ty (n con ( i ,2 ) )= ty (ncon ( i ,2 ) )+ teny ( i )
1075 continue 
r ( i i ) « t y ( i j ) - p ( i j , 2 )  
i f ( a b s ( r ( i i ) ) . l t . 0 . 0 1 ) g o  to 1197 
i i=ii+1
i f ( i i . g t . 2 ) g o  to 1095
i f ( r ( i i -1 ) )1085 ,1197 ,1090
1085 vv( ii )=9 .0
go to 1195
1090 v v ( i i ) a - 9 .0
go to 1195
1095 i f ( i i . g t . 3 ) g o  to 1100 
v v ( i i ) « v v ( i i - 1 ) /2 .0  
go to 1195
1100 i f ( i i . e q . 4 ) g o  to 1128 
i f ( i i . e q . 5 ) g o  to 1127 
i f< i i . e q .6 ) g o  to 1126 
i f ( i i . e q . 7 ) g o  to 1125 
i f ( i i . e q . 8 ) g o  to 1124 
i f ( i i . e q . 9 ) g o  to 1123 
i f ( i i . e q . l O ) g o  to 1122 
i f ( i i . e q . l l ) g o  to 1121
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i f ( i i . e q . 1 2 ) g o  to 1120 
i f ( i i . e q . 1 3 ) g o  to 1119 
i f < i i . g i . 1 3 ) g o  to 1118 
1105 v v v = r ( i i - 1 ) / r ( i i - 2 )  
i f (vvv)1110,1110,1111
1110 v v ( i i )* < v v ( i i - 1 )+ v v ( i i - 2 ) ) /2 ,0  
go to 1195
1111 v v ( i i )= (v v ( i i - 1 ) + v v ( i i - 3 ) ) /2 .0  
go to 1195
1118 i f ( r ( i i - 1 ) . l t . O . O . a n d . r ( i i - 2 ) . l t . O . O . a n d . r ( i i - 3 ) . l t . 0 . 0 . a n d . r ( i i - 4 ) .  
a i t . 0 . 0 . a f l d . r ( i i - 5 ) . l t . 0 . 0 . a n d . r ( i i - 6 ) . l t . 0 . 0 . a n d . r ( i i - 7 ) . I t . O . O . a n d .  
& r ( i i - 8 ) . l t . 0 . 0 . a n d . r ( i i - 9 ) . l t . 0 . 0 . a n d . r ( i i - 1 0 ) . l t . 0 . 0 . a n d . r ( i i - 1 1).  
& l t . 0 . 0 . a n d . r ( i i - 1 2 ) . l t . 0 . 0 . a n d . r ( i i - 1 3 ) . l t . 0 . 0 ) g o  to 1188 
i f ( r ( i i - 1 ) . g t . 0 . 0 . a n d . r ( i i - 2 ) . g t . 0 . 0 . a n d . r ( i i - 3 ) . g t . 0 . 0 . a n d . r ( i i - 4 ) .  
a g t . 0 . 0 . a n d . r < i i - 5 ) . g t . 0 . 0 . a n d . r ( i i - 6 ) . g t . 0 . 0 . a n d . r ( i i - 7 ) . g t . 0 . 0 . a n d .  
a r ( i i - 8 ) . g t . 0 . 0 . a n d . r ( i i - 9 ) . g t . 0 . 0 . a n d . r ( i i - 1 0 ) . g t . 0 . 0 . a n d . r ( i i - 1 1 ) . g t .
6 0 . 0 . a n d . r ( i i - 1 2 ) . g t . 0 . 0 . a n d . r ( i i - 1 3 ) . g t . 0 . 0 ) g o  to 1188
1119 i f ( r ( i i - 1 ) . l t . 0 . 0 . a n d . r ( i i - 2 ) . l t . 0 . 0 . a n d . r < i i - 3 ) . l t . 0 . 0 . a * d . r ( i i - 4 ) . l t .
6 0 . 0 . a n d . r ( i i - 5 ) . l t . 0 . 0 . a n d . r ( i i - 6 ) . l t . 0 . 0 . a n d . r ( i i - 7 ) . l t . 0 . 0 . a m d . r ( i i - 8 ) . 
l l t . 0 . 0 . a o d . r ( i i - 9 ) . l t . 0 . 0 . a n d . r ( i i - 1 0 ) . l t . 0 . 0 . a n d . r ( i i - 1 1 ) . I t . 0 . 0 . and. 
& r ( i i - 1 2 ) . l t . 0 . 0 ) g o  to 1187
i f ( r ( i i - 1 ) . g t . 0 . 0 . a n d . r < i i - 2 ) . g t . 0 . 0 . a n d . r ( i i - 3 ) . g t . 0 . 0 . a n d . r ( i i - 4 ) . g t .
6 0 . 0 . a n d . r ( i i - 5 ) . g t . 0 . 0 , a n d . r ( i i - 6 ) . g t . 0 . 0 . a n d . r ( i i - 7 ) . g t . 0 . 0 . a n d . r ( i i - 8 ) .  
* g t . 0 . 0 . a n d . r ( i i - 9 ) . g t . 0 . 0 . a n d . r ( i i - 1 0 ) . g t . O . O . a n d . r ( i i - l 1>.gt .O.O.and.  
I r ( T r - f2 1 .g t .0 .0 )g ô  I b T W  “
1120 i f ( r ( i i - 1 ) . l t , 0 . 0 . a n d . r ( i i - 2 ) . l t , 0 . 0 . a n d . r ( i i - 3 ) . l t . 0 . 0 . a n d . r ( i i - 4 ) . l t .  
a O . O . a n d . p ( i i - 5 ) . l t . O . O . a n d . r ( i i - 6 ) . l t . O . O . a n d . r ( i i - 7 ) . l t . O . O . a n d . r ( i i - 8 ) . l t .
6 0 . 0 . a n d . r ( i i - 9 ) . l t . 0 . 0 . a n d . r ( i i - 1 0 ) . l t . 0 . 0 . a n d . r ( i i - 1 1) . l t .O .O )go to 1186 
i f ( r ( i i - 1 ) . g t . O . O . a n d . r ( i i - 2 ) . g t . O . O . a n d . r ( i i - 3 ) . g t . O . O . a n d . r ( i i - 4 ) .  
a g t . 0 . 0 . a a d . r ( i i - 5 ) . g t . 0 . 0 . a n d . r ( i i - 6 ) . g t . 0 . 0 . a n d . r ( i i - 7 ) . g t . 0 . 0 . a n d ,  
& r ( i i - 8 ) . g t . 0 . 0 . a n d . r ( i i - 9 ) . g t . 0 . 0 . a n d . r ( i i - 1 0 ) . g t . 0 . 0 . a n d . r ( i i - 1 1>.g t.  
aO.O)go to 1186
1121 i f ( r ( i i - 1 ) . l t . O . O . a n d . r ( i i - 2 ) . l t . O . O . a n d . r ( i i - 3 ) . l t . O . 0 . a n d .  
& r ( i i - 4 ) . l t . 0 . 0 . a n d . r ( i i - 5 ) . l t . 0 . 0 . a n d . r ( i i - 6 ) . l t . 0 . 0 . a n d . r ( i i - 7 ) . 
& l t . 0 . 0 . a n d . r ( i i - 8 ) . l t . 0 . 0 . a n d . r ( i i - 9 ) . l t . 0 . 0 . a n d . r ( i i - 1 0 ) . l t . 0 . 0 )
Ago to 1185
i f ( r ( i i - 1 ) . g t . 0 . 0 . a n d . r ( i i - 2 ) . g t . 0 . 0 . a n d . r ( i i - 3 ) . g t . 0 . 0 . a n d .  
& r ( i i - 4 ) . g t . 0 . 0 . a n d . r ( i i - 5 ) . g t . 0 . 0 . a n d . r ( i i - 6 ) . g t . 0 . 0 . a n d . r ( i i - 7 ) . 
l g t . 0 . 0 . a n d . r ( i i - 8 ) . g t . 0 . 0 . a n d . r ( i i - 9 ) . g t . 0 . 0 . a n d . r ( i i - 1 0 ) . g t  
a.O.O)go to 1185
1122 i f ( r < i i - 1 ) » l t . 0 . 0 . a n d . r ( i i - 2 ) . l t . 0 . 0 . a n d . r ( i i - 3 ) . l t . 0 . 0 . a n d .  
& r ( i i - 4 ) . l t . 0 . 0 . a n d . r ( i i - 5 ) . l t . 0 . 0 . a n d . r ( i i - 6 ) . l t . 0 . 0 . a n d . r ( i i ~ 7 ) .  
a i t . 0 . 0 . a a d . r ( i i - 8 ) . l t . 0 . 0 . a n d . r ( i i - 9 ) . l t . 0 . 0 ) g o  to 1184 
i f ( r ( i i - 1 ) . g t . 0 . 0 . a n d . r ( i i - 2 ) . g t . 0 . 0 . a n d . r ( i i - 3 ) . g t . 0 . 0 . a n d .  
& r ( i i - 4 ) . g t .O .O .a n d . r ( i i - 5 ) . g t .O .O .a n d . r ( i i - 6 ) . g t .O .O .a n d . r ( i i - 7 ) . 
& g t . 0 . 0 . # # d . r ( i i - 8 ) . g t . 0 . 0 . a n d . r ( i i - 9 ) . g t . 0 . 0 ) g o  to 1184
1123 i f ( r ( i i - 1 ) . l t . 0 . 0 . a n d . r < i i - 2 ) . l t . 0 . 0 . a n d . r ( i i - 3 ) . l t . 0 , 0 . a n d .  
& r ( i i - 4 ) , l t . 0 . 0 . a n d . r ( i i - 5 ) . l t . 0 . 0 . a n d . r ( i i - 6 ) . l t . 0 . 0 . a n d . r ( i i - 7 ) . 
a i t . 0 . 0 . a n d . r ( i i - 8 ) . l t . 0 . 0 ) g o  to 1183
i f ( r ( i i**1) . g t . 0 . 0 . a n d . r ( i i - 2 ) . g t . 0 . 0 . a n d . r ( i i - 3 ) . g t . 0 . 0 . a n d .
& r ( i i - 4 ) » g t . 0 . 0 . a n d . r ( i i - 5 ) . g t . 0 . 0 . a n d . r < i i ~ 6 ) . g t . 0 . 0 . a n d . r ( i i - 7 ) . 
& g t .0 .0 . a n d . r ( i i - 8 ) .g t .0 .0 ) g o  to 1183
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1124 i f ( r ( i i - 1 ) » l t . 0 . 0 . a n d . r ( i i ' 2 > . l t . 0 . 0 . a n d . r ( i i - 3 ) . l t . 0 . 0 . a n d .  
a r ( i i - 4 ) . l t . 0 . 0 . a n d . r ( i i - 5 ) . l t . 0 . 0 . a n d . r ( i i - 6 ) . l t . 0 . 0 . a n d . r ( i i - 7 ) . 
ai t .O.O)go to 1182
i f ( r ( i i - 1 ) . g t . O . O . a n d . r ( i i - 2 ) . g t . O . O . a n d . r ( i i - 3 ) . g t . O . O . a m d . r ( i i - 4 ) .  
a g t . 0 . 0 . a n d . r < i i - 5 ) . g t . 0 . 0 . a n d . r ( i i - 6 ) . g t . 0 . 0 . a n d . r ( i i - 7 ) . g t . 0 . 0 ) g o  to 1182
1125 i f ( r ( i i - 1 ) . l t . 0 . 0 . a n d . r ( i i - 2 ) . l t . 0 . 0 . a n d . r ( i i - 3 ) . l t . 0 . 0 . a m d .  
a r ( i i - 4 ) . l t . 0 . 0 . a n d . r ( i i - 5 ) . l t . 0 . 0 . a n d . r ( i i - 6 ) . l t . 0 . 0 ) g o  to 1181 
i f ( r ( i i - 1 ) . g t . O . O . a n d . r ( i i - 2 ) . g t . O . O . a n d . r ( i i - 3 ) . g t . O . O . a n d . r ( i i - 4 ) . 
& g t .0 .0 . a n d . r ( i i - 5 ) . g t . 0 .0 . a n d . r ( i i - 6 ) » g t . 0 .0 ) g o  to 1181
1126 i f ( r ( i i - 1 ) . l t . 0 . 0 . a n d . r < i i - 2 ) . l t . 0 . 0 , a n d . r ( i i - 3 ) . l t . 0 . 0 . a n d .  
l r ( i i - 4 ) . I t . O . O . a n d . r d i - S ) . l t . O . O ) g o  to 1180 
i f ( r ( i i - 1 ) . g t . 0 . 0 . a n d . r < i i - 2 ) . g t . 0 . 0 . a n d . r ( i i - 3 ) . g t . 0 . 0 . a n d .  
& r ( i i - 4 ) . g t . 0 . 0 . a n d . r ( i i - 5 ) . g t . 0 . 0 ) g o  to 1180
1127 i f ( r ( i i - 1 ) . l t . 0 . 0 . a n d . r ( i i - 2 ) . l t . 0 . 0 . a n d . r ( i i - 3 ) . l t . 0 . 0 . a n d .  
a r ( i i - 4 ) . I t . 0 . 0 ) g o  to 1170
i f ( r ( i i - 1 ) . g t . 0 . 0 . a n d . r ( i i - 2 ) . g t . 0 . 0 . a n d . r ( i i - 3 ) . g t . 0 . 0 . a n d .  
a r ( i i - 4 ) . g t . 0 . 0 ) g o  to 1170
1128 i f ( r ( i i - 1 ) . l t . 0 . 0 . a n d . r ( i i - 2 ) . l t . 0 . 0 . a n d . r ( i i - 3 ) . l t . 0 . 0 ) g o  to  1150 
i f ( r ( i i - 1 ) . g t . 0 . 0 . a n d . r ( i i - 2 ) . g t . 0 . 0 . a n d . r ( i i - 3 ) . g t . 0 . 0 ) g o  to 1150
go to 1105
1150 v v ( i i ) = ( v v ( i i -1 )+ v v ( i i -4 ) ) /2 ,0  
go to 1195
1170 vv( i i )*<vv( i i -1 )+vv< i i -5 ) ) /2 .0  
go to 1195
1180 v v ( i i ) « ( v v ( i i - 1 ) + v v ( i i - 6 ) ) / 2 .0  
go to 1195
1181 v v ( i i )= (v v ( i i - 1 ) + v v ( i i - 7 ) ) /2 .0  
go to 1195
1182 v v ( i i ) = ( v v ( i i -1 )+ v v ( i i -8 ) ) /2 .0  
go to 1195
1183 vv( i i )=<vv<i i -1 )+vv( i i -9 ) ) /2 .0  
go to 1195
1184 v y ( i i )= (v v ( i i -1 )+ v v ( i i -1 0 ) ) /2 .0  
go to 1195
1185 v v ( i i )= < vv( i i -1 )+ vv( i i -11) ) /2 .0  
go to 1195
1186 v v ( i i )= (v v ( i i -1 )+ v v ( i i -1 2 ) ) /2 .0  
go to 1195
1187 v v ( i i )= (v v ( i i -1 )+ v v ( i i -1 3 ) ) /2 .0  
go to 1195
1188 v v ( i i )= (v v ( i i -1 )+ v v ( i i -1 4 ) ) /2 .0  
1195 v ( i j ) = v v ( i i ) - v v ( i i - 1 )
go to 1000 
1197 v ( i j )=vv( i i>
1200 continue 
i f ( c .eq .1 )g o  to 1250 
M=1
do 1240 i=1,nv
i f ( a b s ( v ( i ) - q ( i ) ) . l t . 0 . 1 ) g o  to 1240 
M=m+1
1240 continue 
i f( i t .eq .1 )go to 1500
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1250 do 1300 i j=1,nv 
q ( i j ) = v ( i j )
1300 continue 
c=c+1
go to 990 
1500 continue
i f (h .eq .ocyc les )go  to 1700 
h=h+1 
go to 950 
1700 continue 
do 1750 i=1,n
1750 w r i t e ( r f i l e , 1 8 0 0 ) ( c o r < i , j ) , j = 1 ,4) 
1800 fo r m a t ( f5 .1 ,1 x , f9 .4 ,1 x , f9 .4 ,1 x , f9 .4 )  
do 1840 i=1,ns 
1840 w r i t e ( r f i l e , 2 0 0 0 ) o l ( i )  
do 1900 i=1,nu
1900 w r i t e ( r f i l e , 2 0 0 0 ) ( p ( i , j ) , j = 1 , 3 )
2000 fo rm at( f9 .4 ,1x , f9 .4 ,1x , f9 .4 )  
do 2010 i=1,ns
2010 w r i t e ( r f i l e , 2 0 2 0 ) i , t e n ( i )





a p p e n d i x  ( 3 )
Joint  s l ippage  p ro g r a m
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in teger d i f i l e , d 2 f i l e , r f i l e
dimension co r (500 ,4) ,ncon(500 ,2) ,d i fx (500) ,d i fy (500) , 
aa len(S00>,tx t{S00) ,ne(S00) , ten(S00) ,r<30) ,o l (500} , js l (600 ,2 ) ,  
as(S00) ,d i f t (30) ,ss (90>  
wri te (6 ,5)
5 formate* number of data f i l e s " )
re a d (5 ,1 0 )d 1 f i l e ,d 2 f i l e
write(6 ,15)
15 formatt" number of r e s u l t s  f i l e " )
re a d (5 ,1 0 ) r f i l e
10 f o r m t i v )
read<d1fi le ,10)n ,ns
do 40 1=1,ns
40 read(d1f i le ,45 )<ncon( i , J> , j=1 ,2)
45 format(v)
55 fo rm at( i3 ,1x , i3 )  
do 60 i*1,n
60 read(d1 f i l e , 45)( c o r d , j ) , J = 1 ,4) 
do 66 1=1,ns
66 re a d (d 1 f i l e ,4 5 )o l ( i )  
read (d2f i le ,45 )n l ,n1 ,n2 ,n3  
do 67 i=1,nl
67 r e a d ( d 2 f i l e , 4 5 ) ( J s l ( i , J ) , j = 1 , 2 )  
do 90 i«n3,ns
cor<ncon( i ,1 ) ,3 )=-cor(ncon( i ,2 ) ,3 )  




1750 u r i t e ( r f i l e , 1 8 0 0 ) ( c o r ( i , j ) , J = 1 ,4)
1800 fo rm at ( fS .1 ,1 x , f9 .4 ,1 x , f9 .4 ,1 x , f9 .4 )
do 1840 i«1,ns
1840 w r i t e ( r f i l e , 1 8 4 5 ) o l ( i )
1845 format(f9.4) 
do 1850 i=1,nl
1850 u r i t e ( r f i l e , 5 5 ) ( j s K i , j ) , j = 1 ,2) 
do 2050 i=1,nl  
s ( i )=0 .0  
2050 continue 
do 2075 i=1,n$
d i fx ( i )= c o r (n c o n ( i ,2 ) ,2 ) -c o r (n c o n ( i ,1 ) ,2 )
d i fy ( i )= c o r (n c o n ( i ,2 ) ,3 ) -c o r (n c o n ( i ,1 ) ,3 )
a len ( i )=sq r t (d i fx ( i )**2+ d ify ( i )$*2 )
2075 continue
2086 do 2500 i j= 1 ,n l
s ( i j )= 0 .0
2088 ii=1
2090 continue
o l ( j s l ( i j , 1 ) ) = o l ( j s l ( i j , 1 ) ) + s d j )  
o l ( j s l ( i j , 2 ) ) = o l ( j s l ( i j , 2 ) ) - s ( i j k  
ext( j s l d j , 1  ))=alen( j s l ( i j , 1  ) ) - o l ( j s l ( i j , 1 ) )  
e x t ( j s l d j , 2 ) ) = a l e n <  j s l ( i j , 2 ) ) - o l ( j s l ( i j , 2 ) )
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i f ( e x t ( ) ) . 9 t . 0 . 0 ) g o  to 2095
t e n ( J s l ( i j , 1 ) ) = 0 . 0
go to 2100
2095 i o ( j s l ( i j , 1 ) ) * 7 . 0
t e n ( j s l ( i j , t > ) = a o ( j f i K i j , 1 ) ) * e x t ( j s l ( i j , 1 ) ) / o l ( j s l ( i j , 1 ) )
2100 i f ( e x t ( j s l ( i j , 2 ) ) . g t . 0 . 0 ) g o  to 2200
t e n ( j s l ( i j , 2 ) ) » 0 . 0
go to 2290
2200 a e ( j s l ( i j , 2 ) ) = 7 . 0
t * n ( j s l ( i j , 2 ) ) = a e ( j s l ( i j , 2 ) ) $ e x t ( j s l ( i j , 2 ) ) / o l ( j s l ( i j , 2 ) )
2290 d i f t ( i i > = t e n ( j s l ( i j , 1 ) ) - t * m ( j s l ( i j , 2 ) )  
i f ( d i f t ( i i ) ) 2 3 0 0 , 2420,2295 
2295 r < i i ) * d i f t ( i i ) - 0 .7 0 3 7  
go to 2301
2300 r ( i i ) = d i f t ( i i ) + 0 .7 0 3 7
2301 i f ( i i . g t . 1 ) g o  to 2302 
i f ( a b f ( d i f t ( i i ) ) . l t . 0 . 7 0 3 7 ) g o  to 2420
2302 i f ( a b s ( r ( i i ) > . l t . 0 . 0 0 1 ) g o  to 2420 
i i=ii+1
i f ( i i . g t . 2 ) g o  to 2305 
i f ( r ( i i - 1 ) ) 2 3 0 4 , 2420,2303
2303 s s ( i i ) » 0 .2  
go to 2400
2304 * s ( i i )= - 0 .2  
go to 2400
2305 i f ( i i . g t . 3 ) g o  to 2306 
s * ( i i ) = s s ( i i - 1 ) / 2 . 0
go to 2400
2306 i f ( i i . * q . 4 ) g o  to 2340 
i f ( i i . e q . 5 ) g o  to 2335 
i f ( i i . e q . 6 ) g o  to 2330 
i f ( i i . # q .7 ) g o  to 2325
i f ( i i . e q . 8 ) g o  to 2324 
i f ( i i . e q . 9 ) g o  to 2323 
i f ( i i . s q .1 0 ) g o  to 2322 
i f < i i . e q .1 1 )go to 2321 
i f ( i i . e q .1 2 ) g o  to 2320 
i f ( i i . e q .1 3 ) g o  to 2319 
i f< i i . g t .1 3 )g o  to 2318 
2308 s s s = r ( i i - 1 ) / r ( i i - 2 )  
i f ( s s s )2 3 1 0 ,2310,2311
2310 s s ( i i ) = ( s s ( i i - 1 ) + s 5 ( i i - 2 ) ) / 2 . 0  
go to 2400
2311 s s ( i i ) = ( s s ( i i - 1 ) + s s ( i i - 3 ) ) / 2 . 0  
go to 2400
2318 i f ( r ( i i - 1 ) . l t . 0 . 0 . a n d . r ( i i - 2 ) . l t . 0 . 0 . a n d . r ( i i - 3 ) . l t . 0 . 0 .  
a a n d . r < i i - 4 ) . l t . 0 . 0 . a n d . r ( i i - 5 ) . l t . 0 . 0 . a n d . r ( i i - 6 ) . l t . 0 . 0 . a n d .  
a r ( i i - 7 ) . l t . 0 . 0 . a n d . r ( i i - 8 ) . l t . 0 . 0 . a n d . r ( i i - 9 ) . l t . 0 . 0 . a n d . r ( i i - 1 0 )  
& l t . 0 . 0 . a n d . r ( i i - 1 1 ) . l t . 0 . 0 . a n d . r ( i i - 1 2 ) . l t . 0 . 0 . a n d . r ( i i - 1 3 ) .  
ait .O.O)** to  2397
i f < r ( i i - 1 ) . g t . 0 . 0 . a n d . r ( i i - 2 ) . g t . 0 . 0 . a n d . r ( i i - 3 ) . g t . 0 . 0 .  
l a n d . r ( i i - 4 ) . g t . 0 .0 . a n d . r ( i i - 5 ) . g t . 0 . 0 . a n d . r ( i i - 6 ) . g t . 0 .0 .
160
l a n d . r ( i i - 7 ) . g t . 0 . 0 . a n d . r < i i - 8) . 9t . 0 . 0 . a n d . r ( i i - 9 > . g t . 0 . 0 . and. 
& r ( i i - 10) . g t . 0 . 0 . a n d . r ( i i - 11) . g t . 0. 0.and.r (i i**12) . g t . 0. 0 . 
& and . r ( i l -13 ) .g t .0 .0 )go  to 2397
2319 i f ( p ( i i - t ) . l t . 0 . 0 . a n d . r ( i i - 2 ) . U . 0 . 0 . a n d . r ( i i - 3 ) . U . 0 . 0 .  
& a n d . r ( i i - 4 ) . l t . 0 . 0 . a n d . r ( i i - 5 ) . l t . 0 . 0 . a n d . r ( i i - 6 ) . l t . 0 . 0 . a n d .  
& r ( i i - 7 ) . l t . 0 . 0 . a n d . r ( i i - 8 ) . l t . 0 . 0 . a n d . r ( i i - 9 ) . l t . 0 . 0 . a n d .  
& r ( i i - 1 0 > . l t . 0 . 0 . a n d , r ( i i - 1 1) . l t . 0 . 0 . a n d . r ( i i - 1 2 ) . l t . 0 . 0 ) g o  to 2396 
i f ( r ( i i - 1 ) . g t . 0 . 0 . a n d . r ( i i - 2 ) . g t . 0 . 0 . a n d . r ( i i - 3 ) . g t . 0 . 0 . a n d .  
& r ( i i - 4 ) . g t . 0 . 0 . a n d . r ( i i - 5 ) . g t . 0 . 0 . a n d . r ( i i - 6 ) . g t . 0 . 0 . a n d . r ( i i - 7 ) .  
& g t . 0 . 0 . a m d . r ( i i - 8 ) . g t . 0 . 0 . a n d . r ( i i - 9 ) . g t . 0 . 0 . a n d . r ( i i - 1 0 ) . g t .
& 0 .0 . a n d * r ( i i -1 1 ) .g t .0 .0 . a n d . r ( i i -1 2 ) .g t .0 .0 ) g o  to 2396
2320 i f ( r ( i i - 1 ) * l t . 0 . 0 . a n d . r ( i i - 2 ) . l t . 0 . 0 . a n d . r ( i i ' 3 ) . l t . 0 . 0 .  
& a n d . r ( i i - 4 ) . l t . 0 . 0 . a n d . r ( i i - 5 ) . l t . 0 . 0 . a n d . r ( i i - 6 ) . l t . 0 . 0 . a n d .  
& r ( i i - 7 ) . l t . 0 . 0 . a o d . r ( i i - 8 ) . l t . 0 . 0 . a n d . r ( i i - 9 ) . l t . 0 . 0 . a n d .  
l r ( i i - 1 0 ) . l t . 0 . 0 . a n d . r ( i i - 1 1 ) . l t . 0 . 0 ) g o  to 2395 
i f ( r ( i i - l ) , g t . 0 . 0 . a n d . r ( i i - 2 ) . g t . 0 . 0 . a n d . r ( i i - 3 ) . g t . 0 . 0 . a n d .
& r ( i i - 4 ) . g t . 0 . 0 . a n d . r ( i i - 5 ) . g t . 0 . 0 . a n d . r ( i i - 6 ) . g t . 0 . 0 . a n d .  
& r ( i i - 7 ) . g t , 0 . 0 . a n d . r ( i i - 8 ) . g t . 0 . 0 . a n d . r ( i i - 9 ) . g t . 0 . 0 . a n d .  
& r ( i i - 1 0 ) .g t . 0 .0 . a n d . r ( i i - 1 1 ) .g t . 0 .0 ) g o  to 2395
2321 i f ) . l t . O . O . a n d . r ( i i - 2 ) . l t . O . O . a n d . r ( i i - 3 ) .  
a i t . 0 . 0 . a n d . r ( i i - 4 ) . l t . 0 . 0 . a * d . r ( i i - 5 ) . l t . 0 . 0 . a n d . r ( i i - 6 ) . l t . 0 . 0 .  
* a n d . r ( i i ~ 7 ) . l t . 0 . 0 . a n d . r ( i i - 8 ) . l t . 0 . 0 . a n d . r ( i i - 9 ) . l t . 0 . 0 .  
& a n d . r ( i i -1 0 ) . l t .0 .0 ) g o  to 2394
i f ( r ( i i - l ) . g t . 0 . 0 . a m d . r ( i i - 2 ) . g t . 0 . 0 . a n d . r ( i i - 3 ) . g t . 0 . 0 .  
& a n d . r ( i i - 4 ) . g t . 0 . 0 . a n d . r ( i i - 5 ) . g t . 0 . 0 . a n d . r ( i i - 6 ) . g t . 0 . 0 .  
l a n d . r ( i i - 7 ) . g t . 0 . 0 . a n d . r ( i i - 8) . g t . 0 . 0 . a n d . r ( i i - 9 ) . g t . 0.0.  
& and . r ( i i -10 ) .g t .0 .0 )go  to 2394
2322 i f ( r ( i i - 1 ) . l t . 0 . 0 . a n d . r < i i - 2 > . l t . 0 . 0 . a n d . r ( i i - 3 ) . l t . 0 . 0 .  
& a n d . r ( i i - 4 ) . l t . 0 . 0 . a n d . r ( i i - 5 ) . l t . 0 . 0 . a n d . r ( i i - 6 ) . l t . 0 . 0 .  
& a n d . r ( i i - 7 ) . l t . 0 . 0 . a n d . r ( i i - 8 ) . l t . 0 . 0 . a n d . r ( i i - 9 ) . l t . 0 . 0 ) g o  to 2393 
i f ( r ( l i - 1 ) . g t . 0 . 0 . a n d . r ( i i - 2 ) . g t . 0 . 0 . a n d . r ( i i - 3 ) . g t . 0 . 0 . a n d .  
& r ( i i - 4 ) , g t . 0 . 0 . a n d . r ( i i - 5 ) . g t . 0 . 0 . a n d . r ( i i - 6 ) . g t . 0 . 0 .  \
S a n d . r ( i i - 7 ) . g t . 0 . 0 . a n d . r ( i i - 8) . g t . 0 . 0 . a n d . r ( i i - 9 ) . g t . 0 . 0 ) g o  to 2393
2323 i f ( r ( i i - 1 ) . l t . 0 . 0 . a n d . r ( i i - 2 ) . l t . 0 . 0 . a n d . r ( i i - 3 ) . l t . 0 . 0 .
3and.r ( i i - 4 ) . I t .O .O .a n d . r ( i i - 5 ) .1 1 .0 .0 . a n d . r ( i i - 6) . I t . 0 .0 .  
& a n d . r ( i i - 7 ) . l t . 0 . 0 . a n d . r ( i i - 8 ) . l t . 0 . 0 ) g o  to 2392 
i f ( r ( i i - 1 ) . g t . 0 . 0 . a n d . r ( i i - 2 ) . g t . 0 . 0 . a n d . r ( i i - 3 ) . g t . 0 . 0 . a n d .  
a r ( i i - 4 ) . g t . 0 . 0 . a n d . r ( i i - 5 ) . g t . 0 . 0 . a n d . r ( i i - 6 ) . g t . 0 . 0 .  
& a n d . r ( i i - 7 ) . g t . 0 . 0 . a n d . r ( i i - 8 ) . g t . 0 . 0 ) g o  to 2392
2324 i f ( r ( i i - 1 ) . l t . 0 . 0 . a n d . r ( i i - 2 ) . l t . 0 . 0 . a n d . r ( i i - 3 ) . l t . 0 . 0 . a n d .  
& r ( i i - 4 ) . l t . 0 . 0 . a n d . r ( i i - 5 ) . l t . 0 . 0 . a n d . r ( i i - 6 ) . l t . 0 . 0 .  
& a n d . r ( i i - 7 ) . l t . 0 .0 ) g o  to 2391
i f ( r ( i i - 1 ) . g t . 0 . 0 . a n d » r ( i i - 2 ) . g t . 0 . 0 . a n d . r ( i i - 3 ) . g t . 0 . 0 . a n d .  
& r ( i i - 4 ) . g t . 0 . 0 . a n d . r ( i i - 5 ) . g t . 0 . 0 . a n d . r ( i i - 6 ) . g t . 0 . 0 .  
& an d . r ( i i -7 ) .g t .0 .0 )g o  to 2391
2325 i f ( r ( i i - 1 ) . l t . 0 . 0 . a n d . r ( i i - 2 ) . l t . 0 . 0 . a n d . r ( i i - 3 ) . l t . 0 . 0 . a n d .  
& r ( i i - 4 ) . l t . 0 . 0 . a n d . r ( i i - 5 ) . l t . 0 . 0 . a n d . r ( i i - 6 ) . l t . 0 . 0 ) g o  to 2390 
i f ( r < i i - 1 ) . g t . 0 . 0 . a n d . r ( i i - 2 ) . g t . 0 . 0 . a n d . r ( l i - 3 ) . g t . 0 . 0 . a n d .  
a r ( i i - 4 ) . g t . 0 . 0 . a n d . r ( i i - 5 ) . g t . 0 . 0 . a n d . r ( i i - 6 ) . g t . 0 . 0 ) g o  to  2390 
2330 i f ( r ( i i - 1 ) . l t . 0 . 0 . a n d . r ( i i - 2 ) . l t . 0 . 0 . a n d . r ( i i - 3 ) . l t . 0 . 0 .  
& a n d . r ( i i - 4 ) . l t . 0 . 0 . a n d . r ( i i - 5 ) . l t . 0 . 0 ) g o  to 2380 
î fC r (n -T ; .g t . ( r .~O .an<f .p l i i -2> .g t . ( r .0 .ànd . r t i i -^ ."g t .O .O .and .
161
& r ( i i - 4 ) . g t . 0 . 0 . a n d . r ( i i - 5 ) . g t . 0 . 0 ) g o  to 2380
2335 i f ( r ( i i - 1 ) . l t . O . O . a n d . p ( i i - 2 ) . U . O . O . a n d . r ( i i - 3 ) . l t . O . O .
& a n d . r ( i i - 4 ) . l t . 0 .0 ) g o  to 2370
i f ( r ( i i - 1 ) . g t . 0 . 0 . a n d . r ( i i - 2 ) . g t . 0 , 0 . a n d . r ( i i - 3 ) . g t . 0 , 0 .  
& and . r ( i i -4 ) .g t .0 .0 )g o  to 2370
2340 i f ) . l t . 0 . 0 . a n d . r ( i i - 2 ) . l t . 0 . 0 . a n d . r ( i i - 3 ) . I t . 0 . 0 ) g o  to 2350 
i f ( r ( i i - 1 ) . g t . 0 . 0 . a n d . r ( i i - 2 ) . g t . 0 . 0 . a o d . r ( i i - 3 ) . g t . 0 . 0 ) g o  to 2350 
go to 2308 
2350 s s ( i i ) = ( s s ( i i - 1  
go to 2400 
2370 s s ( i i ) = ( s s ( i i - 1  
go to 2400
2380 $ s ( i i ) = ( * s ( i i - 1 ) + * s ( i i - 6 ) ) / 2 . 0  
go to 2400
2390 s s ( i i ) = ( s s ( i i - 1  
go to 2400
2391 s s ( i i ) = ( s s ( i i - l  
go to 2400
2392 $ s ( i i )= < ss ( i i -1  
go to 2400
2393 s s ( i i ) = ( s s ( i i - l  
go to 2400
2394 5 5 < i i ) = < 5 S < i i - t  
go to 2400
2395 s s ( i i )= < s s ( i i - 1  
go to 2400
2396 s s ( i i ) = ( s 5 < i i - l  
go to 2400
2397 s s ( i i ) = ( s s ( i i - 1  
2400 s ( i j ) « s f < i i ) - s s  
2410 go to 2090 
2420 s ( i j ) = s s ( i i )  
o l ( j s l ( i j , 1 ) ) = o l ( j s l  
o l ( j s r ( i j , 2 ) ) = o l ( j f i l  
2500 continue 
w r i te ( r f i le ,2510)
2510 for*at( "  s i t u a t io n  of j o i n t s " , / )  
do 2520 i j=1 ,n l
2520 w r i t e ( r f i l e , 2 5 2 2 ) i j , s ( i j )






+ s s ( i i - 4 ) ) / 2 . 0
+ s s ( i i - 5 ) ) / 2 . 0
+ s s ( i i - 7 ) ) / 2 .0
+ s s ( i i - 8 ) ) / 2 . 0
+ s s ( i i - 9 ) ) / 2 .0
+ s s ( i i -1 0 ) ) /2 .0
♦ ss< i i -11 ) ) /2 .0
+ s s ( i i - 1 2 ) ) / 2 . 0
+ s s ( i i - 1 3 ) ) /2 .0
+ s s ( i i -1 4 ) ) /2 .0
i i - 1 )
i j , 1 ) ) - s ( i j )
i j , 2 ) ) + s ( i j )
